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ABSTRACT 
 
Geopolymers are an inorganic polymeric material composed of alumina, silica, and 
alkali metal oxides. Geopolymers are chemical and fire resistant, can be used as refractory 
adhesives, and are processed at or near ambient temperature. These properties make 
geopolymer an attractive choice as a matrix material for elevated temperature composites.  
This body of research investigated numerous different reinforcement possibilities and 
variants of geopolymer matrix material and characterized their mechanical performance in 
tension, flexure and flexural creep. Reinforcements can then be chosen based on the 
resulting properties to tailor the geopolymer matrix composites to a specific application 
condition. Geopolymer matrix composites combine the ease of processing of polymer matrix 
composites with the high temperature capability of ceramic matrix composites. This study 
incorporated particulate, unidirectional fiber and woven fiber reinforcements. Sodium, 
potassium, and cesium based geopolymer matrices were evaluated with cesium based 
geopolymer showing great promise as a high temperature matrix material.  It showed the 
best strength retention at elevated temperature, as well as a very low coefficient of thermal 
expansion when crystallized into pollucite. These qualities made cesium geopolymer the 
best choice for creep resistant applications. Cesium geopolymer binders were combined 
with unidirectional continuous polycrystalline mullite fibers (Nextel™ 720) and single 
crystal mullite fibers, then the matrix was crystallized to form cubic pollucite. Single crystal 
mullite fibers were obtained by the internal crystallization method and show excellent creep 
resistance up to 1400oC. High temperature flexural strength and flexural creep resistance of 
pollucite and polycrystalline/single-crystal fibers was evaluated at 1000-1400oC. 
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CHAPTER 1 
INTRODUCTION 
 
1.1   Motivation 
 Advances in materials design and capabilities are a key driver in developing more 
efficient and durable power generation and propulsion systems. Material systems need to 
withstand higher engine operating temperatures, have reduced weight, provide increased 
strength, and maintain dimensional stability. Higher operating temperatures and reduced 
weight (higher specific properties) directly relate to increase in fuel efficiency. Improved 
dimensional tolerances through low thermal expansion and/or creep resistant materials can 
also influence efficiency. To this end, there has been extensive research performed in 
material systems that can meet these needs. Figure 1 below shows the trend in materials 
usage within gas turbine engines over the past 50+ years [1].  
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Figure 1.  Evolution of materials use in gas turbine engines, Ref. [1] 
 
 Engine hot section components typically operate in excess of 1000oC and experience 
repeated rapid temperature gradients (thermal shock). They are also subject to time and 
temperature dependent deformation (creep) and do so in oxidative and corrosive 
environments. At these temperatures, creep effects limit the use of conventional metallic 
materials. This has led to the use of superalloys and superalloys with thermal barrier 
coatings or ceramics. Figure 2 depicts how the evolution of materials over time has allowed 
for increased gas temperatures within turbine engine hot sections [2]. Ceramics can 
withstand higher operating temperatures, are lighter weight, and lower cost than most 
superalloys. However, monolithic ceramics are inferior to superalloys in the areas of 
ductility, impact resistance, toughness, and critical flaw size. The focus has thus shifted to 
developing more damage tolerant fiber reinforced ceramic matrix composites (CMCs) with 
weak fiber/matrix interfaces [2]. CMCs have improved toughness, lower flaw sensitivity, 
lower density and can be tailored to meet the design requirements. This is depicted in Figure 
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3 and Figure 4 which show different material system properties based on their strength and 
maximum service temperature or Young’s modulus and density [3]. 
 
 
Figure 2.  Evolution of gas temperatures as a function of materials development, Ref. [2] 
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Figure 3.  Ashby plot of strength vs. 
maximum service temperature, Ref. [3] 
 
 
Figure 4.  Ashby plot of Young’s Modulus 
vs. density, Ref. [3] 
 
 
 
 One of the most promising CMC systems is based upon woven fabrics of 
aluminosilicate oxide (Nextel 720) fibers and alumina or aluminosilicate matrices [2]. While 
ceramic matrix composites, specifically oxide/oxide composites, are suitable for the 
demanding operating requirements, they do involve complex, high energy processing steps. 
This results in time consuming and costly development. Typical processing steps for a CMC 
system involve preparation of a ceramic matrix precursor, making a composite preform for 
the reinforcement, impregnation at elevated pressure and temperatures of 1200-1500oC, 
followed by ceramization at 900-1000oC.  
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 Over the past couple of decades, there has been considerable focus on the 
development and production of low cost, environmentally friendly, fire resistive matrix 
materials for use in aircraft composite materials and aircraft cabin environments [4]. In a 
fully involved fire environment, temperatures of 400-600oC cause low cost, low-temperature 
processable matrix materials (organic polymers) to soften and ignite, releasing considerable 
heat, smoke and combustible gases. Geopolymer (inorganic polymer) matrix materials offer 
the same low cost, low temperature processing ability, but resist ignition indefinitely and do 
not release heat, smoke or flammable gases [4]. The overall cost of the geopolymer matrix 
composite is heavily dictated by the choice of reinforcement.  
 
 This body of research characterizes a material system with similar mechanical, 
thermal and chemical resistive properties to that of oxide/oxide composites, but without 
complex and high energy processing. The material system under study is geopolymer matrix 
composites (GMCs). Geopolymer matrix composites can be utilized over a large portion of 
the temperature regime as ceramic matrix composites (CMCs), but do not require the high 
energy/high temperature processing that CMCs do. Figure 5 shows the relationship between 
the processing temperature and usable temperature for polymer, geopolymer and ceramic 
matrix composites [8]. Geopolymers combine the ease of processing of polymers, with the 
high temperature capability of ceramics. 
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Figure 5.  Processing and usable temperatures for various composites, Ref. [8] 
 
 Geopolymer matrix materials, or binders, are an inorganic family of alkali-activated 
aluminosilicates. They are synthesized as a liquid and cured at room temperature or more 
rapidly at slightly elevated temperatures, typically 20-180oC [8]. Reinforcement materials 
can be the same as those used in CMCs, so all their desirable properties can also be leveraged 
over a wide temperature range, in this material system. 
 
1.2   Geopolymer Binders 
 
1.2.1   Overview of Geopolymers  
 Alkali activated aluminosilicates are often referred to as alkali cements, geocements, 
or simply geopolymers. Geopolymers are an inorganic polymeric material composed of 
alumina, silica, and an alkali metal oxide. They are synthesized as a liquid, allowing them to 
be cast into any desired shape, and cure at room or slightly elevated temperatures [4],[6]. 
Geopolymers form an X-ray amorphous, alkali aluminosilicate, tetrahedral framework of 
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amorphous zeolites, which are inherently fire resistant [7]. Unless otherwise stated, 
geopolymer chemical compositions used in this research are of the chemical form 
M2O•Al2O3•4SiO2•11H2O, where M represents an alkali metal (Na, K, or Cs). This 
composition was chosen based on previous TEM/EDS analysis that showed the 
compositional makeup of fully reacted geopolymer contains approximately 20 mol% Al2O3 
and 80 mol% SiO2. The 2:1 Si:Al ratio results in what Davidovits refers to as poly(sialate-
siloxo) structure of (Si-O-Al-O-Si-O-)n [8]. Sialate is an abbreviated form of silicon-oxo-
aluminate, and similarly siloxo refers to silicon-oxo groups. The 1:1:4:11 composition with a 
curing temperature of 50oC, results in geopolymer with approximately 40% nano-porosity 
by volume [23]. 
 
1.2.2   Geopolymer Processing 
 Geopolymers form in a four step process often referred to as geopolymerization. The 
first step involves the formation of an alkali silicate solution or “waterglass”. This requires 
the mixture and dissolution of an alkali hydroxide and a silica fume into deionized water. 
The solution contains a variety of activated silica oligomers.  
 
 Next, an aluminosilicate source is dissolved in the waterglass to obtain the final 
chemical composition of geopolymer. The dissolution of the aluminosilicate source results 
in the freeing of tetrahedral SiO4 and AlO4⁻ units into the solution [10]. Choice of 
aluminosilicate source has a large effect on the mechanical properties of the final cured 
material. Common sources include fly ash from coal production, slag from steel blast 
furnaces, or kaolinite clays. Fly ash and slag are abundant waste products with inherent 
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reinforcing abilities due to impurities, but are also very hard to characterize for research 
purposes due to the varying compositions available worldwide. For research purposes, 
metakaolin is used for its high purity, high reactivity and small particle size. This allows for 
complete dissolution in the waterglass solution and high reactivity during the 
geopolymerization process. Metakaolin is a calcined (dehydroxylated) and pulverized form 
of kaolin clay. The dehydroxylation process of kaolin clay (Al2Si2O5(OH)4 → Al2Si2O7 + H2O) 
releases structural water and transforms the clay from crystalline to amorphous, increasing 
reactivity with the alkali silicate solution [11]. 
 
 The third step in geopolymerization is a polycondensation reaction between the Al 
IV-fold coordinated ions and the Si oligomeric ions [8]. 
2Si(OH)4 + Al(OH)4- → (-Si-O-Al-O-Si-O-) + 6H2O 
The tetrahedral SiO4 and AlO4⁻ units, freed by dissolution of metakaolin, link up in an 
alternating fashion by sharing oxygen atoms to form a zeolite structure [10]. Metakaolin 
contains AlO5 molecules in a pentavalent coordination state, which is highly strained, 
making is susceptible to attack by the highly alkaline waterglass solution. The alkaline attack 
then produces the AlO4⁻ tetrahedral groups needed for polycondensation. The positive alkali 
ions (Na+, K+ or Cs+) remain within the structure to charge balance the negatively charged 
Al3+ ions in IV-fold coordination [8]. Figure 6 below depicts the geopolymeric structure [8]. 
Polycondensation times are driven by curing temperature and technique. At ambient 
temperature is takes more than 15 hours, for convective heating at 50oC about four hours 
and at 85oC about 1.5 hours [8]. Polycondensation requires the use of sealed molds to 
prevent evaporation of the water from the mixture and incomplete geopolymerization.  
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Figure 6.  Geopolymer molecular structure after Davidovits, Ref. [8] 
 
 The final step involves precipitation of geopolymer nanoparticles into a rigid 
inorganic polymeric gel, as the material cures. The process was also conceptualized by 
Duxson et al. [9] in a similar five step process as shown in Figure 7. In both systems, the 
process by which the aluminosilicate source is prepared to increase the reactivity of the 
aluminum content (e.g. metakaolin calcination and dehydroxylation) is not covered. 
Additionally the geopolymerization process was presented linearly, but in fact many of the 
steps occur simultaneously throughout the process [9]. An SEM image of a cured surface of 
pure geopolymer can be seen in Figure 8.  
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Figure 7.  Geopolymerization process by Duxson et al., Ref. [9] 
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Figure 8.  SEM image of potassium geopolymer (K2O•Al2O3•4SiO2•11H2O) surface, cured 24 
hours at 50oC 
 
1.2.3   Geopolymer Properties 
 Geopolymers are resistant to heat, chemical and oxidizing environments. The three 
primary alkali metals used in the synthesis of geopolymer binders are sodium (Na), 
potassium (K), and cesium (Cs). Cesium is not widely researched as the alkali source for 
geopolymer due to its higher cost, but it does have some advantages over the other two alkali 
choices as will be discussed in the coming sections.  
  
 Geopolymers have long been researched as alternate cementitious materials. Setting 
time is faster and environmental impact during production is significantly lower as 
compared to ordinary Portland cement. For every ton produced, only 0.15-0.20 tons of CO2 
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created by geopolymer cement versus 1 ton for Portland cement [8]. They also outperform 
Portland cement in compressive strength [7]. Geopolymers have demonstrated good 
adhesion properties, bonding strongly to a wide range of ceramics, metals, and glasses [8]. 
The worldwide abundance of aluminosilicate materials also gives geopolymers the potential 
to be more cost effective than Portland cement [5],[6]. 
 
 Geopolymers are well suited as a matrix or binder for composite materials due to the 
ease of synthesis and reinforcement adhesion. The good adhesive behavior of geopolymers 
allows for maximum load transfer to the reinforcement resulting in increased strength. 
Mechanical properties of the geopolymer can be tailored through the choice of reinforcing 
phase to either add strength or toughness, depending on the application. Reinforcements can 
range from high cost, high strength metal oxide or silicon carbide fibers to low cost, abundant 
and renewable natural fibers, or even particulates. For this research, Na, K and Cs based 
geopolymer have been utilized as the matrix materials, henceforward referred to as NaGP, 
KGP and CsGP, respectively. 
 
1.2.3.1   Sodium Geopolymer 
 Sodium-based geopolymer (NaGP) is very low cost and has moderate unreinforced 
thermal stability. Calculated density for cured NaGP is 1.51 g/cm3. The ternary phase 
diagram for Na2O, Al2O3 and SiO2 can be seen in Figure 9 [12]. NaGP of the 1:1:4 composition 
will crystallize into nepheline plus glass at elevated temperature, or under very high 
pressure form, jadeite.  
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Figure 9.  Na2O-Al2O3-SiO2 phase diagram, Ref. [12] 
 
 For this study, NaGP was only utilized with natural fiber reinforcement due to its low 
cost. Since Na was the lightest element of the three group 1 cations used to form geopolymer 
in this study, it resulted in a geopolymer slurry with the highest viscosity at the 1:1:4:11 
composition. For this reason and the lack of glassy phase at high temperature, potassium 
geopolymer (KGP) was the better choice for composite matrix material. The lower viscosity 
of KGP allowed for more workability when using particulate reinforcement, as well as better 
infiltration of woven fabric reinforcements. Davidovits notes that at room temperature, for 
a given molar ratio, the viscosity of Na-silicate solution is ten times higher than that of K-
silicate solution [8].  Cesium geopolymer (CsGP), however, is the heaviest and largest of the 
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cations and results in the lowest viscous geopolymer slurry. Its infiltration ability is the best 
of the three matrix materials, but it has a much higher cost. 
 
1.2.3.2   Potassium Geopolymer 
 KGP remains chemically stable up to 1000oC [15]. It is also fairly low cost and has 
moderate unreinforced thermal stability. The ternary phase diagram for K2O, Al2O3 and SiO2 
can be seen in Figure 10 [13]. Between 1000 and 1100oC, KGP of the 1:1:4 composition 
crystalizes into cubic leucite (KAlSi2O6) ceramic [16],[17]. Upon cooling however, leucite 
undergoes a transformation from cubic to tetragonal crystal symmetry which occurs near 
650oC. Leucite has a melting point near 1700oC, but has a high coefficient of thermal 
expansion (15-31 x 10-6/oK). The thermal expansion coefficient for leucite can be tailored by 
the addition of cesium [16]. Cesium content was also shown by He et al. [18] to stabilize the 
leucite in its cubic form. For the purposes of this study, composite panels utilizing a 50 mol% 
CsGP/50 mol% KGP matrix were created to test the high temperature mechanical properties. 
These panels followed the same 70oC for 48 hours curing process shown in [18] to achieve 
the crystalline symmetry stabilization. High thermal expansion coefficient and high fracture 
toughness makes leucite an ideal choice for cermets or thermal barrier coatings for metals. 
Measured density for cured KGP was found to be 1.47 g/cm3. Density values for both NaGP 
and KGP correlate well with data from Davidovits [8]. Low cost and low viscosity allowed 
KGP to be the primary matrix material under investigation in this body of research. However, 
for higher temperature applications or applications requiring high creep resistance, CsGP 
was the ideal choice.  
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Figure 10.  K2O-Al2O3-SiO2 phase diagram, Ref. [13] 
 
 
1.2.3.3   Cesium Geopolymer 
 CsGP has a higher cost, due to the cost of CsOH, but has high unreinforced thermal 
stability. CsGP of the (1:1:4) composition will crystallize near 1000oC into cubic pollucite 
(CsAlSi2O6) ceramic, which has a melting point of approximately 1940oC and a very low 
coefficient of thermal expansion (1.2-3.3 x 10-6/oK). This extremely high thermal stability 
results in exceptional creep resistance. The long range order indicated in the pair 
distribution function at temperatures of 1050oC and above, shown in Figure 11 [22], are the 
first indicator of crystalline pollucite. Later in this document, x-ray diffraction analysis will 
confirm the presence of cubic pollucite in CsGP heated to 1200oC for 2 hours.   
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Figure 11.  CsGP pair distribution function upon heating taken from Bell et al., Ref. [22] 
 
 The ternary phase diagram for Cs2O, Al2O3 and SiO2 can be seen in Figure 12 [14]. 
Measured density for cured CsGP was found to be 1.84 g/cm3. Upon crystallization to 
pollucite from CsGP, measured density only increased to 1.95 g/cm3, which equates to 67% 
density, or a fairly porous ceramic. As-cured, CsGP is largely amorphous, but does contain 
some x-ray reflections due to pollucite that formed during curing. After undergoing a heat 
treatment at 1200oC for 2 hours, the CsGP is completely converted to crystalline pollucite. 
Figure 13 shows a comparison of the XRD spectra for as-cured CsGP and CsGP after heat 
treatment.   
 
 Cesium, while the most expensive of the alkali cations studied, does have the most 
beneficial qualities when used in geopolymerization. Berger et al. [21] noted that the larger 
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the alkali cation, the less crystallized impurities are formed and less unreacted metakaolin 
is found if fully cured geopolymer. They proved using energy dispersive spectroscopy (EDS) 
that the amount of unreacted metakaolin was less in cesium based geopolymer than in either 
sodium or potassium based geopolymer. Additionally, the size of the unreacted metakaolin 
particles is also smaller in cesium based geopolymer [21]. Another observation they had was 
that the addition of cesium into the activation solution (waterglass) decreased the 
mechanical strength of the geopolymer.  
 
 
Figure 12.  Cs2O-Al2O3-SiO2 phase diagram, Ref. [14] 
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Figure 13.  XRD spectrum for CsGP as-cured (bottom) and heat treated, 1200oC, 2 hrs (top) 
 
1.2.3.4   50/50 mol% Cesium/Potassium Geopolymer 
 Although monolithic CsGP is too brittle to conduct splitting tensile testing on, it can 
be used to crystallographically stabilize KGP to avoid the cubic to tetragonal crystalline 
symmetry transformation that occurs upon cooling. When mixed in a molar ratio containing 
at least 40 mol% CsGP, the leucite formed when KGP of the 1:1:4 composition crystallizes 
can be stabilized in its cubic crystalline form down to room temperature (Andrew Steveson, 
Kriven Research Group). The XRD results for this material as-cured and after crystallization 
at 1200oC for 2 hours and cooling to room temperature are shown in Figure 14 and Figure 
15, respectively. The results are shown compared to that of pure CsGP and pure KGP after 
the same heat treatment. Tetragonal leucite peaks seen in the KGP sample are not present in 
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the 50/50 sample after heat treatment and cooling. The reflections more closely resemble 
those of pollucite that appear in the pure CsGP scan, but are shifted to slightly higher Bragg 
angles.  
 
 
Figure 14.  XRD spectra for as-cured CsGP, KGP and 50/50 Cs/KGP from this study 
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Figure 15.  XRD spectra for CsGP (bottom), KGP (middle) and 50/50 Cs/KGP (top) after 
heat treatment from this study 
 
 For this study, the matrix of 50 mol% CsGP and 50 mol% KGP was used with N720 
woven fabric reinforcement. On top of the matrix weakening caused by dehydration during 
heating, the cubic to tetragonal transformation in leucite results in further damage to the 
matrix. The mixed alkali geopolymer matrix provides mechanical stability at room 
temperature along with crystallographic stability after elevated temperature exposure. 
 
1.2.3.5   Geopolymer Dehydration 
 During the heating process, geopolymer undergoes a three step dehydration process 
which can be quite destructive for unreinforced geopolymer. First, physically bonded or 
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“free” water dehydrates at temperatures up to 100oC. Next, chemically bonded or interstitial 
water dehydrates between 100 and 300oC. Finally, the process of dehydroxylation of OH 
groups occurs at temperatures above 300oC [8]. The process of dehydration is generally 
complete by 400-600oC as seen in thermogravimetric analysis (TGA) [16]. Most of the water 
loss occurs as a result of evaporation of physically bonded water by 100oC, but does not 
result in damage to the material [8]. Shrinkage during dehydration of chemically bonded 
water results in microcracks that increase in size with increasing temperature. Microcracks 
develop due to stress gradients that occur as a result of dehydration when the water is 
forcefully extracted by capillary forces and capillary contraction [8],[17],[23]. The addition 
of a reinforcement phase has proven to inhibit this destructive dehydration process by 
bridging cracks as they develop and also by providing pathways for graceful dehydration 
[24]. 
 
1.3   Reinforcement Materials 
 Reinforcements for utilization in geopolymer matrices can range from particulate, to 
chopped fiber, or unidirectional and woven fibers. Usage temperature is specific for each 
reinforcement type and choice of geopolymer matrix.  
 
1.3.1   Particulate Reinforcement 
1.3.1.1   Chamotte 
 Chamotte is produced by calcination of kaolinite clay in a rotary kiln. It has been used 
for ceramic bonding for refractories and creep resistant applications due to its mullite 
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content [39]. Chamotte has also been mixed with clays to reduce the sintering stresses that 
produce cracks and flaws [40]. For this study, potassium geopolymer of the 
K2O⋅Al2O3⋅4SiO2⋅11H2O composition was reinforced with varying weight percent of 
chamotte particulate reinforcement. Chamotte was chosen as the filler phase due to its high 
content of crystalline mullite which will be unreactive with the geopolymer during curing 
and therefore remain as a reinforcement. Particulates can simply be mixed in with the 
geopolymer slurry during processing and molded into any desired shape, while still 
maintaining the isotropic nature of the amorphous geopolymer. Composite samples were 
tested in 4-point flexure at room temperature and in-situ at high temperature. 
 
 The chamotte powder used in this study was Chamotte NP Special (Refracer,a.s., CZ). 
Its chemical composition is shown in Table 1 [64]. The crystalline composition was reported 
by the manufacturer as 38% mullite, 5% cristobalite and 3% quartz by weight, with the 
remaining composition being X-ray amorphous [64].  
 
Table 1.  Typical chemical composition of chamotte NP Special, Ref. [64] 
 SiO2 Al2O3 TiO2 Fe2O3 K2O MgO CaO Na2O 
 (wt%) 53.95 42.15 1.54 1.25 0.75 0.18 0.13 0.05 
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1.3.1.2   Mullite  
 KM101 mullite (KCM Corporation, Nagoya, Japan) was also utilized as a filler phase 
in portions of this study. The typical chemical composition for KM101 is shown in Table 2 
[65].  
 
Table 2.  Typical chemical composition of KM101 mullite powder, Ref. [65] 
 SiO2 Al2O3 TiO2 Fe2O3 K2O MgO CaO Na2O ZrO2 
 (wt%) 28.0 71.9 0.006 0.02 0.01 0.02 0.02 0.04 ≤ 0.01 
 
 
 Using helium pycnometry, an average density of 3.107 g/cm3 was measured for KM 
mullite, close to that of theoretical mullite. Its particle size was also determined by the 
sedigraph method using laser particle size analysis similar to chamotte, which resulted in an 
average particle size of 1.28 m. 
 
1.3.1.3   Alumina Platelets  
 Microgrit WCA 50 alumina powder was utilized as a filler phase in KGP/Nextel woven 
fabric composite panels. The WCA 50 powder is comprised of 5:1 aspect ratio crystalline -
alumina platelets with over 99% purity, an average particle size of 42.81 -52.50 m, density 
of 3.95 g/cm3 and a melting point of 2020oC [66]. Chemical composition and an optical image 
of the platelets from the manufacturer are provided in Table 3 [66]. Alumina platelets were 
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used to inhibit crack propagation by bridging any cracks that develop during curing and any 
subsequent heat treatments. 
 
Table 3.  Chemical composition and appearance of Microgrit WCA 50 Al2O3, Ref. [66] 
 Al2O3 SiO2 Na2O CaO Fe2O3 
 
 (wt%) 99.2 0.03 0.6 0.05 0.02 
 
 
1.3.2   Chopped/Milled Fiber Reinforcement 
1.3.2.1   Chopped basalt fibers  
As a part of this study, ½ inch long, amorphous basalt chopped fibers (Kamenny Vek 
Ltd, Dubna, Moscow Region, Russia) were investigated as a form of reinforcement to KGP. 
This work was a comparison to previous work completed by Rill et al. [26] who used ¼ inch 
long basalt fiber reinforcement. The Kriven Research Group has also completed studies on 
geopolymer reinforced with chopped polypropylene fibers [27], Saffil (chopped alumina) 
fibers and milled carbon fibers. Table 4 and Table 5 show the properties and chemical 
composition, respectively, of the basalt fibers used in this research.  
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Table 4.  Chopped basalt fiber properties, Ref. [67] 
Melting Point 3500oC 
Softening Temp 1050oC 
Diameter 13 m 
Fiber Length 12.7 m 
Fiber Density 2.67 g/cm3 
Tensile Strength 2700-3200 MPa 
Tensile Modulus 85-95 GPa 
 
 
Table 5.  Chemical composition of basalt fibers, Ref. [67] 
 SiO2 Al2O3 TiO2 Fe2O3 CaO MgO NaO K2O 
 (wt%) 55.7 15.4 1.54 10.4 7.4 4.1 2.4 1.5 
 
  
1.3.2.2   Milled carbon fibers  
 Additionally, in this study milled carbon fibers (MCF) were utilized as a matrix filler 
in some of the carbon fiber weave/KGP composites. The milled carbon fibers were Tenax-A 
HT M100 100mu (Toho Tenax America, Inc., Rockwood, TN). The typical properties of these 
MCF are shown in Table 6 [70]. 
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Table 6.  Milled carbon fiber typical properties, Ref. [70] 
Chemical Composition >95% carbon 
Melting Point 3500oC 
Decomposition Temp 650oC in air 
Diameter 7 m 
Fiber Length 100 m 
Fiber Density 1.81 g/cm3 
Tensile Strength 4470 MPa 
Tensile Modulus 225 GPa 
 
 
1.3.3   Continuous Fiber Reinforcement 
 
 Since geopolymer constituents are readily available at low cost, it makes sense to 
investigate their use in low technology, fire resistant, building materials using highly 
abundant natural fibers. The low cost geopolymer matrix material can then be reinforced 
with low cost, abundant natural fibers to create affordable building materials. One such 
abundant resource is corn husk fibers which can be chemically extracted from corn husks 
which remain as a waste product after harvesting.  
  
 For the elevated temperature portion of this study, the Nextel™ (3M Corporation, St. 
Paul, MN) series of commercially available ceramic fibers were utilized as reinforcements to 
the various geopolymer matrices for their availability, thermal and mechanical properties. 
The three Nextel fiber types used in this study are Nextel 312, Nextel 610 and Nextel 720, 
which are mullite plus amorphous, alumina and alumina plus mullite respectively. Some 
Nextel fiber versions, including Nextel 312, contain amorphous phases and at elevated 
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temperatures these amorphous phases become viscous and allow for material creep [62]. 
Figure 16 below shows the roving fibers’ strength retention at elevated temperatures [41]. 
Both N610 and N720 fibers retain nearly all of their strength to 1200oC, while N312 fiber 
strength drops off rapidly after 800oC.  
 
Figure 16.  Nextel roving fiber strength retention, Ref. [41] 
 
 Figure 17 depicts the maximum usable temperatures for various fiber types, with 
aluminosilicate fibers usable in excess of 800oC. As will be shown in the following sections 
however, the Nextel series of fibers have been designed to work in excess of 1000oC, 
primarily due to a fined grained alumina structure for Nextel 610 and the diphasic 
composition of Nextel 720. Since all the Nextel fiber types are metal oxides, they are capable 
of operating in oxidizing environments. Other common fiber types, such as glass or carbon 
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fibers are not ideal for elevated temperature use in oxygen environments. Geopolymer has a 
high level of adhesion to glass fibers and during curing, causes fiber rupture from matrix 
shrinkage and slight fiber dilation [8]. Carbon fibers suffer from oxidation at temperatures 
over 400oC [8].  
 
 
Figure 17.  Usable temperatures for fiber reinforcements, Ref. [8] 
 
 As-received, Nextel fibers are coated with a silane sizing to protect the fibers during 
manufacturing. Composite processing was completed both with the sizing intact and with 
the sizing removed. Sizing removal followed 3M guidelines for heat cleaning at 700oC for 5 
minutes with a heating rate of 5oC/min. Rill et al. [26] found a noticeable flexural strength 
advantage to geopolymer matrix composites with sized basalt fibers, as compared to desized 
fibers.  
 
 In addition to the Nextel fibers, mullite single crystal fibers were investigated as 
reinforcements to provide enhanced creep resistance. They were developed by the Internal 
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Crystallization Method by the Solid State Physics Institute, Russian Academy of Sciences 
[48],[49],[51]. 
 
1.3.3.1   Natural Fiber Reinforcement 
 World corn production is estimated at 849 million tons this fiscal year, with 
approximately 274 million tons being produced in the U.S. alone [29]. Corn husks comprise 
approximately 10% of the lignocellulosic cornstover that remains after harvesting, equating 
to around 27.4 million tons of husks available, of which over 5 million tons of fibers can be 
extracted [30]. The use of these agricultural byproducts as a potential reinforcement for 
building materials has great potential in developing countries where more expensive and 
rarer materials are infeasible or cost prohibitive. Natural cellulosic fibers have been used 
primarily in paper making, but have more recently been integrated into various forms of 
composites including polymer matrix composites [30],[31]. Intact corn husks have also been 
utilized as reinforcement in polymer matrix composites by White et al. [38]. 
 
 Corn husk fiber bundles can be chemically extracted from the husk through an 
alkalization technique which removes most of the non-cellulose webbing material (lignin 
and ash). What remains are lignocellulosic fiber bundles comprised of fine cellulose fibers 
held together by hemicellulose and the remaining lignin. Further enzymatic treatment can 
be performed to depolymerize the hemicellulose and break lignin covalent bonding to 
further extract the fine cellulose fibers, but was not done for this study [30].  
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 As compared to another natural fiber, jute, CHF has lower strength, but has 
significantly higher elongation and work of rupture, which can be utilized to improve the 
toughness of the geopolymer composite [30].  Other properties compared to similar 
cellulosic fibers can be seen in Table 7 below [31]. Reddy et al. provide cellulose content in 
%, which is assumed to be wt% based on the stated Norman-Jenkins method for determining 
cellulose content.  
 
Table 7.  Comparison of cellulosic fiber properties, Ref. [31] 
Fiber/Bundle 
 
Cellulose  
(wt%) 
Color Bundle Length 
(cm) 
Fiber Length 
(mm) 
Fiber Width 
(m) 
Corn 80–87 Yellowish white 2–20 0.5–1.5 10.0–20.0 
Cotton 88–95 Off white 1.5–5.5 15.0–56.0 12.0–25.0 
Linen 72–82 Creamy white 20–140 4.0–77.0 5.0–76.0 
Jute 62–64 Brownish 150–360 0.8–6.0 15.0–25.0 
 
 
 Corn husk fiber bundles were chemically extracted from commercially purchased 
dried corn husks (Figure 18) using a 10:1 molar ratio of H2O:NaOH alkali solution (5.5 N, 
pH=11). This ratio was chosen as twice the stoichiometric ratio or half the alkalinity used in 
geopolymer synthesis (10 H2O:2 NaOH). This differs from the process of Yang et al., who 
used a less caustic 0.5 N NaOH solution, but elevated the temperature to 85oC [30]. Due to 
the exothermic nature of mixing sodium hydroxide and water, the alkali solution was cooled 
to ambient temperature before use. Intact corn husks were immersed in the alkali bath and 
manually agitated for 30 minutes until dissolution of the husk webbing occurred. The 
separated fiber bundles were then rinsed with deionized water to remove dissolved 
substances and residual oils from the chemical separation process and to equilibrate the pH 
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back to neutral. A magnified view of a single dried CHF bundle can be seen in Figure 19. The 
fiber bundles were then evenly laid out in either quasi-aligned or random orientations and 
allowed to dry at ambient conditions. The condition of the CHF during each step can be seen 
in Figure 20, Figure 21 and Figure 22 below. 
 
 
 
Figure 18.  Optical micrograph of an as-
received corn husk, approximately 8 inches 
in length 
 
Figure 19.  Optical micrograph of a single 
extracted CHF bundle 
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Figure 20.  Optical micrograph of 
chemically separated CHF bundles, 
approximately 8 inches in length 
 
 
Figure 21.  Optical micrograph of dried, 
randomly oriented CHF in a 6 x 8 inch 
panel 
 
 
 
Figure 22.  Optical micrograph of dried quasi-aligned CHF plies in 6 x 8 inch panels 
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1.3.3.2   Nextel 312 Roving Fibers 
Nextel 312 (N312) roving fibers are a refractory aluminoborosilicate.  They are 
compositionally similar to Nextel 720 fibers with the exception of the boron oxide or boria 
content. The fiber properties are listed in Table 8. As-received, the N312 fibers are X-ray 
amorphous, but upon heat treatment can be partially converted into crystalline mullite. 
Figure 23 shows the XRD spectra of as-received and heat treated N312 fibers. The fibers 
were ground into a powder for analysis and heat treatments were performed at a 5oC/min 
heating rate based on manufacturer recommendations. Heat treating of N312 fibers 
improves chemical resistance and raises the stiffness of the fiber [41]. The manufacturer’s 
recommended heat treatment of 900oC for 4 hours was compared to that of the other heat 
treatment used in this study which was 1200oC for 2 hours. In Figure 23 it can be seen that 
both heat treatments produce very similar crystalline reflections, while the higher 
temperature treatment produces taller sharper peaks indicative of more complete 
crystallization. An amorphous hump can still be seen in both cases, centered near 22o, due to 
the boron oxide content which remains amorphous.   
 
Table 8.  Nextel 312 fiber properties, Ref. [41] 
Chemical Composition 
62.5 wt % Al2O3,  
24.5 wt % SiO2,  
13 wt % B2O3 
Melting Point 1800oC 
Diameter 10-12 m 
Density 2.70 g/cm3 
Tensile Strength 1700 MPa 
Tensile Modulus 150 GPa 
Thermal Expansion 3.0 x 10-6/oC 
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Figure 23.  XRD spectrum for as-received and heat treated N312 fibers 
 
 
1.3.3.3   Nextel 610 Roving Fibers 
 Table 9 lists the typical properties of N610 ceramic fibers [41]. Nextel 610 fibers are 
comprised of small grain alumina (~70 nm) [45]. These small grains are susceptible to grain 
growth at elevated temperature, which results in a loss of strength. However, the small 
grains size results in extremely high strength due to a higher number of grain boundaries 
and locations to inhibit dislocation motion. Figure 24 shows the relationship of grain size 
and filament tensile strength as a function of temperature [45]. 
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Table 9.  Nextel 610 fiber properties, Ref. [41] 
Chemical Composition >99 wt % Al2O3 
Melting Point 2000oC 
Diameter 10-12 m 
Density 3.90 g/cm3 
Tensile Strength 3100 MPa 
Tensile Modulus 380 GPa 
Thermal Expansion 8.0 x 10-6/oC 
 
  
 
Figure 24.  Nextel 610 fiber strength and grain size vs. temperature, Ref. [45] 
 
 Wilson and Visser [62] performed tensile and creep testing on both N610 and N720 
fibers. They found a maximum use temperature for N610 strand of 1300oC based on 70% of 
tensile strength retention. Similarly they found a maximum use temperature for N720 fibers 
of >1400oC.  
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1.3.3.4   Nextel 720 Roving Fibers 
 Nextel 720 (N720) fibers are comprised of -alumina and mullite. Table 9 lists the 
typical properties of N720 ceramic fibers [41]. They are made up of larger mosaic grains of 
mullite (~300 nm) embedded with smaller elongated grains of alumina (~80 nm) [45]. Since 
mullite grains are larger and mullite is inherently less strong than alumina, this fiber has a 
lower strength than that of the N610 fibers. However, the high creep resistance of mullite 
along with its larger grain size, allow N720 fibers have higher creep resistance that N610 
fibers. N720 fibers were developed to operate at temperatures in excess of 1000oC for load 
bearing applications [62].  Larger grain size means less grain boundaries and reduced grain 
boundary sliding, a primary creep mechanism.   
 
Table 10.  Nextel 720 fiber properties, Ref. [41] 
Chemical Composition 
85 wt % Al2O3 
15 wt % SiO2 
Melting Point 1800oC 
Diameter 10-12 m 
Density 3.40 g/cm3 
Tensile Strength 2100 MPa 
Tensile Modulus 260 GPa 
Thermal Expansion 6.0 x 10-6/oC 
 
 
 N720 fibers are less susceptible to grain growth due to their diphasic composition 
and mullite content and therefore retain strength at elevated temperature better than do the 
N610 fibers [45]. So even though N610 fibers are inherently stronger, the delayed grain 
growth of N720 fibers results in more strength retention at elevated temperatures. Figure 
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25 shows the relationship of grain size and filament tensile strength as a function of 
temperature [45]. N610 fiber strength begins to degrade near 800oC, while N720 fiber 
strength is stable until over 900oC. Therefore, while N610 fibers are well suited for high 
strength applications, N720 fibers are better for creep resistant applications.   
 
 
Figure 25.  Nextel 720 fiber strength and grain size vs. temperature, Ref. [45] 
 
The high thermal and crystalline stability of N720 fibers can be seen in Figure 26. 
After the 700oC heat cleaning and after a 1200oC for 2 hour heat treatment, the crystalline 
nature of the fibers is not changed.  
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Figure 26.  XRD spectra of N720 fibers after heat cleaning (bottom), heat treatment (top) 
 
1.3.3.5   Nextel 550 Roving Fibers 
 Although not utilized as a reinforcement in this study, Nextel 550 (N550) 
fibers were analyzed because were also a very desirable choice for reinforcement. Table 11 
lists the typical properties of N550 ceramic fibers [41]. While filament tensile strength and 
modulus are not as high as those of N610 or N720 fibers, the thermal expansion up to 1100oC 
is lower, making it a good choice for thermal stability and resistance to time dependent 
deformation.  
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Table 11.  Nextel 550 fiber properties, Ref. [41] 
Chemical Composition 
73 wt % Al2O3 
27 wt % SiO2 
Melting Point 1800oC 
Diameter 10-12 m 
Density 3.03 g/cm3 
Tensile Strength 2000 MPa 
Tensile Modulus 193 GPa 
Thermal Expansion 5.3 x 10-6/oC 
 
  
As-received, N550 fiber composition consists largely of amorphous SiO2 and -
alumina as seen in Figure 27. Upon heat treatment, the amorphous content and transitional 
alumina can be converted to crystalline mullite. Schmücker et al. [45] found mullite 
crystallization in N550 fibers after heat treating to 1350oC for 1 hour. However, this 
researcher was able to see the same level of crystallization after heat treatment at 1250oC 
for 3 hours. The lower heat treatment temperature reduces mullite grain coarsening, which 
is known to occur near 1300oC, which results in further fiber strength loss. 
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Figure 27.  XRD patterns for ground N550 fibers after varying heat treatments 
 
1.3.3.6   Mullite Single Crystal Fibers 
 Mullite single crystal fibers were obtained from Dr. Sergei Mileiko at the Solid State 
Physics Institute, Russian Academy of Sciences. They created the fibers through an internal 
crystallization process which crystallizes a molten mullite precursor in a molybdenum 
carcass [45]. Single crystal fibers do not have the strength advantage of polycrystalline fibers 
however; they are much more suitable for high temperature, time-dependent deformation 
(creep) applications. By virtue of little to no grain boundaries, creep mechanisms are 
significantly hindered. Rüscher et al. [46] noted flexural creep resistance (flexural stress to 
achieve 1% strain in 100 hours) values of nearly 800 MPa at 1400oC for the single crystal 
fibers. 
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 The mullite fibers were created via the internal crystallization method (ICM) by the 
Solid State Physics Institute of the Russian Academy of Sciences as depicted in Figure 28, 
which was reproduced from [46]. The ICM method first requires creating a diffusion bonded 
carcass of molybdenum wires and foils. A precursor melt is then made by sintering of Al2O3 
and SiO2 powders into mullite, then melting it in a molybdenum crucible in an argon 
atmosphere. The composition of the oxide precursor melt was that of 2:1 mullite, which is 
the mullite composition usually linked to crystallization from a melt [48]. The carcass is then 
lowered into the oxide melt and capillary forces draw the melt into the channels. The carcass 
is then slowly withdrawn from the melt at 2 mm/min allowing for crystallization of the 
fibers. Finally, the molybdenum carcass is dissolved away from the fibers using hydrogen 
peroxide or inorganic acids [46]. 
 
 
Figure 28.  Schematic of internal crystallization method, reproduced from Ref. [46] 
 
 Final fiber cross sections result in sharp filleted corners from the shape of the 
channels created by molybdenum fiber and foil connection points. These sharp corners act 
as stress concentrators during the fabrication process and microcracks result which 
emanate from those corners. The problem is further exacerbated during the heat treatment 
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process, when drying shrinkage and densification due to crystallization cause the cracks to 
widen and become more pronounced.  
  
 Figure 29 and Figure 30 below show SEM images of a polished cross section of mullite 
single crystal fibers embedded in a CsGP matrix after curing and after heat treatment, 
respectively. The first image shows cracking that has developed during curing due to the 
stress concentrations at the fiber corners.  The problem is worsened after heat treatment 
where one can see the cracks becoming more pronounced due to matrix densification as a 
result of crystallization into pollucite. The crystalline nature of the fibers was confirmed by 
XRD analysis and the as-received fibers are compared with the fibers after a 1200oC for 2 
hours heat treatment in Figure 31.  
 
 
 
Figure 29.  SEM image of polished CsGP 
with MSCF, as cured 
 
Figure 30.  SEM image of polished CsGP 
with MSCF, 1200oC for 2 hrs 
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Figure 31.  XRD spectra of MSCF as-received and after heat treatment 
 
1.3.4   Woven Fabric Reinforcement  
 While continuous unidirectional fibers provide for the highest fiber volume fraction, 
as well as the highest strength and stiffness if loaded along the fiber axis, 2-D woven fabric 
reinforcements provide strength in two orthogonal directions and are easier to process in 
larger components. Their ease of handling and fabrication cost have made woven fabrics 
desirable for structural applications [47]. Those two orthogonal directions correspond to the 
warp and fill (sometimes call weft) interlacing sets of fibers. A schematic of theses textile 
terms is shown in Figure 32 [41].  
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Figure 32.  Woven fabric terminology, Ref. [41] 
 
 Woven fabrics can be identified or categorized by their 2-D weaving patterns to 
include plain weave, twill weave, and satin weaves just to name a few. The difference in these 
types of weaving patterns is the frequency at which the threads interlace with each other. In 
non-hybrid type weaves, this frequency is the same for the warp and fill directions. When 
this value is equal to 2 the weave is considered a plain weave, 3 is considered a twill weave 
and 4 and above are considered satin weaves. The lower this value, the higher amount of 
fiber undulation and crimping which results in lower overall strength. For stiffer ceramic 
fibers, reducing the crimp preserves more of the fiber strength, so 5 and 8-harness satin 
weaves are commonly manufactured. Figure 33 shows the difference in weaving pattern for 
plain, twill and 8 harness satin weaves. 
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Plain Weave 
 
Twill Weave 8 Harness Satin Weave 
Figure 33.  Woven fabric types  
 
1.3.4.1   Nextel Woven Fabrics 
 For this study, 5-harness satin weave Nextel 312 (AF-12), 8-harness satin 
weave Nextel 610 (DF-11) and 8-harness satin weave Nextel 720 (EF-11) woven fabrics 
were utilized as reinforcements in geopolymer matrices. Properties of the Nextel woven 
fabrics are listed in Table 12 [41]. 
 
Table 12.  Nextel woven ceramic fabric properties, Ref. [41] 
 
Nextel 312 
(AF-12) 
Nextel 610 
(DF-11) 
Nextel 720 
(EF-11) 
Yarn Type 1200d roving 1500d roving 1500d roving 
Weave Type 5 Harness, Satin 8 Harness, Satin 8 Harness, Satin 
Thickness 0.330 mm 0.330 mm 0.280 mm 
Areal Weight 275 g/m2 373 g/m2 380 g/m2 
Breaking Strength (Warp) 23 kg/cm 41 kg/cm 29 kg/cm 
Breaking Strength (Fill) 27 kg/cm 46 kg/cm 29 kg/cm 
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 For woven fabric based composites, fiber volume fraction can be determined by the 
thickness method shown in equation (1) below. In this equation n represents the number of 
fabric layers in the composite, Aw is the areal weight (sometimes called areal density), f   is 
the fiber density and d is the composite thickness. Therefore, the thinner the overall 
composite panel, the higher the fiber volume fraction. 
 
     𝑉𝑓 =
𝑛𝐴𝑤
𝜌𝑓𝑑
      (1) 
 
Fiber volume fraction is plotted as a function of composite thickness in Figure 34 for the 
Nextel weaves.  Based on the respective ply thicknesses for each weave type, the maximum 
volume fraction for N312 and N720 is 31% and for N610 is 36% if there is no compression 
of the weave during consolidation. These numbers correspond roughly to the density of each 
weave compared to a solid layer of the same thickness. Reaching these maximum values 
would require complete infiltration and no layers of pure matrix material between plies or 
at either surface. Actual experimentally measured volume fractions are in the 20-25% range. 
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Figure 34.  Fiber volume fraction vs. laminate thickness 
 
1.3.4.2   Basalt Woven Fabric 
 Basalt 4-harness satin weave fabric (Sudaglass, Advanced Filament Technologies 
L.L.C, Red Oak, TX) was used as a direct comparison to the Nextel woven fabric 
reinforcements.  It is a much lower temperature fabric, but is also lower cost. Table 13 shows 
the typical properties of the basalt fabric used in this study [69]. Basalt fibers are X-ray 
amorphous, but are largely aluminosilicate similar to the ceramic counterparts. Figure 35 
shows the XRD spectrum for the basalt fabric as-received. The fabric was ground into a 
powder for XRD analysis. 
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Table 13.  Typical properties of Sudaglass basalt fabric, Ref. [69] 
Weave Type 4 Harness, Satin 
Filament Diameter 9 m 
Filament Tensile Strength 4840 MPa 
Filament Tensile Modulus 89 GPa 
Thickness 0.29 mm 
Areal Weight 300 g/m2 
Breaking Strength (Warp) 125 kg/cm 
Breaking Strength (Fill) 116 kg/cm 
 
 
Figure 35.  XRD spectrum for as-received basalt fibers 
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1.3.4.3   Carbon Fiber Woven Fabric 
 Fibre Glast 3K Plain Weave Carbon Fiber (Part # 530, Fibre Glast Developments 
Corporation, Brookville, OH) was also utilized as a reinforcement to KGP. This woven fabric 
is typically used as a reinforcement for lightweight aerospace components. Table 14 below 
lists the typical properties of this fabric [42]. 
 
Table 14.  Properties of carbon fiber woven fabric, Ref. [42] 
Yarn Type 3000d roving 
Weave Type Plain 
Thickness 0.305 mm 
Areal Weight 193 g/m2 
Tensile Strength 4.2 GPa 
Tensile Modulus 228 GPa 
Fiber Diameter 7 m 
Fiber Density 1.82 g/cm3 
 
 
 Carbon fibers are transversely isotropic in their properties, as compared to the Nextel 
and basalt fibers with are fully isotropic in nature.  
 
1.3.4.4   Kevlar Woven Fabric 
 Fibre Glast plain weave Kevlar fabric tape (Part # 531, Fibre Glast Developments 
Corporation, Brookville, OH) was also utilized to reinforce KGP. Kevlar fabrics have excellent 
mechanical properties at low temperatures with excellent thermal and dimensional stability. 
It was used in this study as a room temperature reinforcement due to its exceptional strength 
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and toughness, along with its resistance to melting or combustion. While Kevlar is not 
designed to support use at elevated temperatures, it is a great reinforcement compliment to 
geopolymer at low temperatures where flame or heat resistance in required, such as aircraft 
cockpit/cabin materials. Fabric properties are outlined in Table 15 below [68].  
 
Table 15.  Properties of Kevlar woven fabric, Ref. [68] 
Yarn Type 1140d roving 
Weave Type Plain 
Filament Diameter 12 m 
Thickness 0.254 mm 
Areal Weight 170 g/m2 
Breaking Strength (Warp) 111 kg/cm 
Breaking Strength (Fill) 115 kg/cm 
 
 
1.4   High Temperature Composites 
1.4.1   Oxide Matrix Composites 
With increasing temperatures and oxidizing environments present in high 
temperature combustion applications, the limitations of SiC based systems are being realized 
and the focus is shifting toward metal oxide based composites [62]. Oxides by nature are 
fundamentally immune to oxidation are therefore an attractive choice for these applications.   
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Some examples of oxide composites include Nextel 610 and 720 fibers embedded in 
alumina, aluminosilicate, and/or alumina-mullite matrices. They have demonstrated good 
mechanical properties and creep resistance up to 1200oC [33],[34],[35],[36],[37][50].  
 
1.4.2   Toughening Mechanisms 
 Various mechanisms have been utilized to enhance the toughness of composites 
utilizing brittle matrix materials. Most notably are fiber/matrix interfacial coatings, fine 
scale matrix porosity and fugitive coatings. Another method of enhancing toughness in 
ceramic composites is through transformation weakening, which was developed by Kriven 
et al. [44]. Figure 36 shows pictorially how the first three mechanisms promote crack 
deflection at the fiber/matrix interface to enhance toughness [59]. Figure 37 depicts the 
process of phase transformation weakening [44]. A strong fiber/matrix interface resulting 
from fiber bonding or sintering to the matrix allows cracks to propagate through the fibers 
and results in brittle cleavage fractures.  
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Figure 36.  Toughening mechanisms in continuous fiber ceramic composites; fiber pullout 
(a), fiber coatings (b), porous matrix (c), fugitive coating/interfacial gap (d), Ref. [59] 
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Figure 37.  Schematic of phase transformation weakening, Ref. [44] 
 
 The process of crack penetration versus crack deflection was analytically studied by 
Tullock et al. [43] in the mid 1990’s. Their work focused on three phenomenon that could 
occur when the crack tip, which is advancing perpendicular to the interface, reaches the 
interface of two elastically dissimilar materials, such as the matrix and a fiber. The three 
phenomenon include crack penetration through the interface, a singly deflected crack tip 
along the interface or a doubly deflected crack tip along the interface. Figure 38 is adapted 
from their publication [43], and shows the three crack paths. 
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Figure 38.  Crack paths in dissimilar materials, adapted from Ref. [43] 
 
 Crack path is based on many factors, but the most important is that of the elastic 
mismatch between the two materials. Tullock et al. [43] found that the higher the elastic 
mismatch, the higher the likelihood of crack deflection at the interface and that the effect is 
more pronounced when the crack is propagating from a more ductile material into a stiffer 
material. For this reason, the following toughening mechanisms have been utilized to 
purposely create the elastic mismatch needed for crack deflection in brittle materials. Thin 
fiber coatings are made of a more ductile material, matrix porosity improves the ductility of 
a brittle matrix, fugitive coatings leave a gap between the matrix and fiber and 
transformation weakening stimulates energy dissipation to trigger the transformation 
followed by a weakening of an interphase material to lower its stiffness.  
 
1.4.2.1   Fiber Coatings 
Another microstructural path to impart damage tolerance in oxide or other brittle 
composites is the development of a weak fiber/matrix interface through the use of a low 
toughness interfacial coating [62]. Such coatings include monazite (LaPO4), scheelite 
(CaWO4) and hibonite (CaAl12O19).  
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Monazite forms a low toughness interface by bonding weakly to other oxides. It is 
non-toxic, has a melting point in excess of 2000oC and is not soluble in acids, bases or water 
[59]. The very low hardness of monazite compared to other refractory ceramics allows for 
plastic deformation during fiber/matrix sliding and thereby dissipating more energy [59].  
Monazite coating was successfully utilized by Ruggles-Wrenn et al. [50] to improve tensile 
strength by up to 50% and improved creep resistance in Nextel 610/alumina composites.  
 
Another form of fiber coating to promote a weak interface is that of a fugitive coating. 
This process applies a sacrificial coating onto the fibers prior to matrix sintering, which is 
then oxidized off to allow for a weak fiber/matrix interface. Carbon is a popular choice for 
this method, as it can be easily deposited on fibers by chemical vapor deposition [59]. This 
process has the added difficulty that matrix sintering must be done in a non-oxidizing 
environment. 
 
1.4.2.2   Fine Scale Matrix Porosity 
 Many successful oxide composites have utilized a porous oxide matrix material. This 
material promotes crack deflection at the interface by fiber/matrix debonding and 
subsequent fiber pullout [62]. This method can achieve the same results as using a fiber 
coating, but at a much lower cost due to the more simplified processing. However, the idea 
of utilizing matrix porosity for improved damage tolerance is also a tradeoff between matrix 
strength and toughness. Mattoni et al. [62] showed that as matrix porosity was reduced, 
there was an increase in tensile strength, but a decrease in damage tolerance. So while 
porous matrix materials can save processing time and cost by not needing a weak interfacial 
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coating, it necessitates balancing the required damage tolerance and needed strength for a 
given application. 
 The two controlling mechanisms in providing for crack deflection versus crack 
penetration are interface toughness and the elastic mismatch between the fiber and matrix.  
For low interface toughness, the matrix must be sufficiently less tough than the fiber. For a 
30% porous material the matrix toughness is approximately an order of magnitude lower 
than that of a fiber [59]. As previously mentioned, the matrix porosity of cured geopolymer 
is usually around 40% [23]. Porous matrices also exhibit lower stiffness than their dense 
fiber counterparts, so both conditions are met for crack deflection.  
 
1.4.2.3   Phase Transformation Weakening 
 Another method of producing a weak interface between the matrix and 
reinforcement in oxide composites is by a phase transformation of an interphase material.  
As with the other toughening mechanisms, phase transformation weakening promotes 
graceful failure through crack deflection at the interface of the matrix and reinforcement. 
Crack deflection occurs through interfacial debonding as a result of a thermally or stress 
induced phase transformation of an interphase [44]. For dense ceramics, stress-induced 
phase transformation within the interphase is preferable since it only locally weakens the 
material at the crack tip as opposed to a global weakening when all of the interphase 
transforms simultaneously in a thermally induced case. The local weakening occurs because 
the phase transformation is accompanied by a volumetric contraction that produces 
microcracks within the interphase.  
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 Kriven et al. demonstrated this technique using a hot pressed laminated 
mullite/cordierite composite with a cristobalite interphase. Cristobalite undergoes a 
volumetric contraction of -3.2% during transformation from cubic ( to tetragonal ( 
structure upon cooling at approximately 265oC [44].   The composites consisted of thirty 
layers of alternating matrix and interphase layers, with a 5:1 thickness ratio respectively. 4-
point flexural strength was evaluated as a function of annealing time at 1300oC. For the 
composite with no annealing treatment, the flexural strength was the highest, but the strain 
at failure was the lowest with a brittle fracture mode. Applying the annealing treatment 
reduced the strength, but resulted in higher strains to failure and more graceful failure 
showing crack propagation along the interphase. The brittle cleavage fracture associated 
with no heat treatment is indicative of a strong interface between layers resulting in crack 
propagation straight through the laminate. The step-wise fracture with cracks deflecting 
along the interphase layer is indicative of a weak interphase. Crack deflection and the 
associated axial friction result in higher fracture energy (work of fracture) and higher 
toughness. These results confirmed that the thermally induced microcracking in the 
cristobalite layers prior to mechanical testing resulted in a weaker interface and higher 
laminate toughness.  
 
1.5   Geopolymer Composites 
 Due to the adverse effects of dehydration and dehydroxilation of monolithic 
geopolymer discussed in section 1.2, geopolymer material systems are almost exclusively 
reinforced with filler phases or fiber reinforcement. Filler phases or particulate 
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reinforcements can range from fly ash or slag, which also functions as the aluminosilicate 
source, to sand, quartz, mullite and alumina particles or platelets. Fibrous reinforcements 
can range from chopped fibers to unidirectional continuous fibers or even woven fabric 
reinforcement. Geopolymer binders make excellent matrix materials due to their inherent 
heat, fire and chemical resistance, along with their natural fine scale porosity. The following 
sections will briefly review a limited subset of current and previously performed research in 
the area of geopolymer matric composites (GMCs). 
 
1.5.1   Particulate Reinforced GMCs 
Wang et al. [53] investigated solid particulate lubricant fillers is sodium based 
geopolymer in order to reduce its coefficient of friction and rate or wear when in contact 
with metallic parts. They used 5-30% by volume of graphite, PTFE and MoS2 particles as 
there filler phases. A loss of bending and compressive strength with increasing volume 
fraction compared to pure NaGP was noted for all additives. However, the wear reduced with 
increasing volume fraction and the coefficient of friction was also reduced above 10 volume 
percent of additive. 
 
1.5.2   Chopped Fiber Reinforced GMCs 
Bernal et al. [52] studied the performance of sodium geopolymer reinforced with 20-35 mm 
alumina-silica-zirconia fibers. They also utilized an aluminosilicate matrix filler phase 
comprised of ground up refractory bricks to improve the thermal expansion compatibility of 
the matrix and fiber reinforcement. The results of their flexural testing indicated that the 
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amount of filler phase did not change the flexural strength appreciably, but did improve 
toughness and reduce volumetric contraction during heating.  
 
1.5.3   Unidirectional Fiber Reinforced GMCs 
 He et al. [19] worked with unidirectional carbon fiber reinforced potassium 
geopolymer. They utilized stacked layers of fibers that were infiltrated with geopolymer 
resin by ultrasonic vibration and then vacuum bagged the composite at 80oC for 24 hours. 
Their composites displayed flexure strengths ranging from 95 – 234 MPa depending on the 
heat treatment temperature. Initially there was a strength decrease due to heat treatment, 
but after the onset of leucite crystallization at 1100oC, the strength was the highest.  
  
 Pernica et al. [20] also looked at carbon fiber and glass fiber reinforced, sodium 
geopolymer. They used a fiber pultrusion method to wet out layers of fibers then they were 
laid up and cured in a vacuum bag inside an autoclave at 120oC and 1.2 MPa for 2 hours, 
followed by a 12 hour drying period. Their composites used 70 weight percent carbon fibers 
and 55 weight percent glass fibers. They performed tensile testing using three different 
displacement rates and determined that the highest strength can be obtained when using the 
faster rate. The found 3-point flexural strengths of up to 283 MPa for carbon fibers and 255 
MPa for glass fibers.  
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1.5.4   Woven Fiber Reinforced GMCs 
 Lyon et al. [54] evaluated potassium based geopolymer composites with 25 layers of 
3K plain weave carbon fiber fabric. They used slightly different processing conditions which 
utilized vacuum bagging and hot pressing. The resulting composites had 50-55% fiber 
volume fraction and returned tensile strengths of 341 ± 31 MPa. They performed fire 
calorimetry assessments of the composite demonstrating zero weight loss, an infinite time 
to ignition, and zero heat or smoke release. A maximum temperature capability of 800oC was 
also determined for the composite and cited possible uses as construction, transportation 
and infrastructure where non-combustibility and high specific strength are needed. 
 
Mills-Brown et al. [55] studied potassium base geopolymer composites with woven 
SiC reinforcement. The composites were derived from commercially obtained potassium 
based geopolymer binders and cured in an autoclave. They reported room temperature 
tensile strengths of 288 MPa which decreased slightly with increasing test temperature 
down to 213 MPa at 760oC.  The composite also had a reduction in stiffness from 32 GPa at 
room temperature to 17.3 at 760oC.  However, the strain to failure increase over the same 
temperature range by 30%.  
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CHAPTER 2 
EXPERIMENTAL PROCEDURES 
 
2.1   Mechanical Testing 
 Stress and strain values for test specimens were calculated from load and 
displacement data for each test type using the equations shown below in Table 16. L refers 
to the lower span length of 40 mm in all equations except the splitting tensile strength, where 
it refers to the length of the cylindrical test sample. The variables P, D, d, and b refer to load, 
center point displacement, specimen thickness and specimen width, respectively.  
 
Table 16.  Mechanical Testing Equations 
 
Splitting Tensile 
Monotonic 
Tensile 
4-Point 
Flexure 
3-Point 
Flexure 
Stress 2𝑃
𝜋𝑑𝐿
 
𝑃
𝐴
 
3𝑃𝐿
4𝑏𝑑2
 
3𝑃𝐿
2𝑏𝑑2
 
Strain - - 4.36
𝐷𝑑
𝐿2
 6
𝐷𝑑
𝐿2
 
 
  
 Strain in monotonic tension was directly measured using axial extensometers. Strain 
in flexure was calculated from center point deflection values measured using a linear 
variable differential transducer (LVDT) located in the base of the lower test support. The 
LVDT has a ± 1 mm measurement capability and utilizes an alumina sleeve/rod and SiC 
contact rod to make contact with the lower surface of the specimen within the furnace hot 
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zone.  Strain in splitting tensile tests was not relevant, so it was not measured or calculated. 
All elevated temperature flexure testing utilized the system’s specimen protection setting 
which maintains a force no greater than 4 N on the specimen during thermal expansion of 
the load train and fixtures.  
 
2.1.1   Splitting Tensile Testing 
 Splitting tensile, often called diametric compression, tests were performed at room 
temperature on monolithic NaGP, KGP and 50/50 Cs/KGP to determine tensile strength 
according to a modified ASTM C496 procedure. This testing utilized cylindrical test samples 
with a diameter of 5 mm and a length of 12.6 mm. test samples are loaded on their side in a 
compression test fixture. A compressive force is applied which creates a loading condition at 
the centerline as shown in Figure 39. For this reason, splitting tensile testing requires the 
material to have compressive and shear strengths that exceed their tensile strength to 
achieve failure in a tensile mode. This is the case for brittle materials, so this test is often 
used on cements, concretes and ceramics.  
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Figure 39.  Schematic of splitting tensile test loading 
  
 This testing utilized Instron high temperature SiC compression anvils mounted to 
alumina push rods. Loading rate was determined to be 100 N/min to maintain a 1.0 MPa/min 
splitting tensile stress rate. The final tensile strength value was determined from the 
maximum load achieved using the equation in Table 16. A tensile modulus cannot be 
obtained through this test method.  
 
 Many equations have been reported to estimate compressive strength from splitting 
tensile strength. Rearranging the Gardner relationship (equation (2) below) shown in 
reference [26], an accurate estimate of compressive strength for NaGP and KGP can be 
obtained as compared to data collected by this research group.   
 
𝜎𝑐 = 5.13𝜎𝑠𝑝𝑡
1.515     (2) 
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2.1.2   Monotonic Tensile Testing 
 While tensile testing is non-standard for brittle, ceramic-like materials, when 
reinforced the resulting composite can be successfully tested in static tension with much 
reduced flaw sensitivity due to the fibrous reinforcement acting as a crack bridge against 
growing flaws.   
 
 Reinforced composite samples were tested at room temperature in monotonic 
tension on an Intron Universal Testing Frame (Model 5882, Instron, Norwood, MA) with 
manually operated wedge grips using ASTM C1275 guidelines. Testing was controlled using 
Instron’s Bluehill 2 software. Tensile tests were performed under load control with a loading 
rate which would produce a 25 MPa/s stress rate. Loading rate was calculated prior to 
testing each sample using its cross sectional area. Strain was measured using a clip on axial 
extensometer with a 1 inch gauge section. Tensile specimens were all straight sided due to 
the difficulty and cost in manufacturing of dogbone shaped specimens which is typically 
done using waterjet or abrasive jet cutting. Nominal sample dimensions were 16 mm wide 
by 150 mm long. Samples we cut to shape and then tabbed with garolite glass fiber reinforced 
epoxy tabs. The more compliant tabbing material reduces stress concentrations and 
specimen damage in the gripped region. Tabs were mounted to the specimens using a two 
part epoxy resin or M-Bond adhesive.  
 
 Some of the elevated temperature tensile testing was accomplished on a Material Test 
Systems (MTS) servo hydraulic load frame (MTS Corporation, Eden Prairie, MN) with a 5 KIP 
load cell, hydraulic wedge grips, and water cooled wedges located at the Air Force Institute 
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of Technology in Dayton, OH. Grip pressure was set to 7.5 MPa to prevent slipping of test 
samples during testing, but not too high to damage or promote failure in the gripped portion 
of the sample. The load frame was controlled by MTS TestStar IV software. Its Multi-Purpose 
Testware function was used to program each step of the test sequence to include heating and 
cooling of the test specimen. Figure 40 shows a screen capture of the high temperature 
tensile test program. Specimens were maintained at zero load during heating to avoid 
compressive stresses that would be induced by thermal expansion and fixed grips. Heating 
rate to test temperature was 1oC/sec with a 15 minute dwell time to equilibrate. Testing was 
again performed under load control at a rate calculated to provide a 25 MPa/s stress rate. 
That loading rate was chosen based on the results of Ruggles-Wrenn et al. [33] who 
evaluated different loading rates on the tensile behavior of ceramic matrix composites and 
found 25 MPa/s to result in the best data.  
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Figure 40.  MPT procedure for high temperature tensile testing 
 
 Heating of the test specimen was accomplished using an MTS dual zone furnace 
system. The furnace was comprised of two halves, each with dual silicon carbide resistive 
heating elements and porous alumina insulation blocks. The alumina insulation was shaped 
such that the only openings were for the upper and lower portions of the specimen and the 
two extensometer rods. Each side of the furnace was controlled by an R-type thermocouple 
which provided a feedback loop to the MTS temperature controller. The design of the furnace 
allowed for heating of only the center portion of the test specimen which ensured failure in 
   
67 
 
the affected region and therefore provided the same advantage as a dogbone specimen with 
a reduced cross-sectional area gauge section.   
 
 Prior to elevated temperature testing, the furnace temperature setting was correlated 
to an actual specimen temperature using an independent R-type thermocouple mounted to 
a temperature calibration sample. The thermocouple was fed through one of the 
extensometer holes and placed in contact with the specimen. Figure 41 below shows the 
temperature calibration data collected.  
 
 
Figure 41.  MTS furnace calibration data 
 
 The remainder of the high temperature tensile testing was accomplished on an 
Instron Universal Testing Frame (Model 5882, Instron, Norwood, MA) with a 100 kN load 
cell and manual wedge grips. Heating of the sample gauge section was accomplished with a 
single zone slot furnace utilizing two resistive heating elements and a Honeywell 
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temperature controller. Heating rate to test temperature was 1oC/sec with a 15 minute dwell 
time at each test temperature to equilibrate.  
 
 Strain for both testing set-ups was measured with an MTS high temperature uniaxial 
extensometer (MTS 632.53E-14). The extensometer had two 3.5 mm diameter alumina rods 
with cone shaped tips and a 12.7 mm gage length to contact the specimen in the furnace hot 
zone. The extensometer was held in contact with the specimen edge during testing using 
light spring tension, which applies a 300 gram contact force per rod. The base of the 
extensometer which contained the conditioning electronics was air cooled during testing.  
 
2.1.3   3 and 4-Point Flexure Testing 
 Flexure tests were also performed on the 5882 Instron Universal Testing Frame 
following ASTM C78 and C1341 guidelines. 3-point flexure testing was only accomplished 
for the basalt chopped fiber samples. The large size of the fibers and rheology when mixed 
with geopolymer prevented the composite from being molded into the smaller size required 
for the 4-point test fixture. 3-point bend testing could only be accomplished at ambient 
temperature due to the size and type of fixture used. The span length of the lower rigid supports 
was calculated as three times the average specimen thickness and the supports were placed 
equidistant from the point of load application. Loading rate was determined to be 216.75 N/min 
using ASTM C78/C78M-10 guidelines to maintain a 1.0 MPa/min target rate of stress increase on 
the tension face of the specimen. 
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 Monolithic geopolymer and composite samples were tested in 4-point flexure under 
varying conditions. Testing utilized an Instron silicon carbide, fully articulating bend fixture 
(Figure 42) mounted on the alumina high temperature push rods. In situ tests were 
performed using an Instron 1500oC in-air furnace (Figure 43) and the heating rate to all test 
temperatures was 10oC/min. The heating rate was a manufacturer limit for the test fixture 
and alumina push rods, since the entire setup was contained within the furnace hot zone. 
The upper and lower span length of the 4-point bend fixture were 20 and 40 mm, 
respectively. During in situ testing, a specimen protection feature was utilized during heating 
to ensure no loads were imparted on the sample due to thermal expansion of the load train 
and fixtures. This feature adjusts crosshead extension to maintain less than 4 N of force on 
the specimen during heating. 
 
 
Figure 42.  Instron 1500oC fully-
articulated SiC bend fixture 
 
Figure 43.  Instron 1500oC in-air furnace 
 
 Cesium geopolymer matrix samples were tested in 4-point flexure in situ at 1000, 
1200 and 1400oC to determine the average ultimate flexural strength for each material at 
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each test temperature using ASTM C1341 guidelines. The heating rate to test temperature 
was 10oC/min and samples were allowed 30 minutes to stabilize at the test temperature 
prior to testing. Flexure testing for these samples was under displacement control to 
maintain a constant strain rate of 1x10-3 s-1. Displacement rate was sufficiently fast to avoid 
shear failures in reinforced samples. Based on the test set-up (ASTM type IIA), the 
displacement rate of the crosshead was determine using equation (3) below, where L is the 
lower span length and d is the thickness of the specimen. This rate was calculated prior to 
every test. Center point deflection of the test bar was measured using a high temperature 
LVDT set-up which utilized SiC and Al2O3 push rods attached to an LVDT in the base of the 
lower test support.  
 
?̇? =
0.167?̇?𝐿2
𝑑
      (3) 
  
Due to limited quantities and lengths of some of the fibers used in the flexural 
strength and flexural creep investigation, sample sizes for CsGP composites were kept 
extremely small to maximize the number of test specimens. Test specimen geometry for 
flexural creep testing was 3 x 4 x 60 mm. The flexural test fixture utilized an unsupported 
upper piece which rested its mass upon the test specimen. For samples of this small cross 
sectional area, the mass of the upper fixture (111 g) was added to all measured loads during 
testing which equated to nearly 1 MPa of flexural stress.  
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2.1.4   Flexural Creep Testing 
 Creep can be described as time dependent deformation under the action of 
temperature and stress. Typically, creep behavior is attributed to high temperatures, but that 
is not always the case. A more appropriate way of looking at it is to examine a material’s 
homologous temperature. Homologous temperature is defined by equation (4) below. Creep 
mechanisms are generally active in ceramics at a homologous temperature in excess of 0.4 – 
0.5.  
 
   𝐻𝑜𝑚𝑜𝑙𝑜𝑔𝑜𝑢𝑠 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 =  
𝑇 (𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒)
𝑇𝑚 (𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒)
  (4) 
 
 
 For this study, composite samples with a cesium geopolymer (CsGP) matrix were 
cured and then subjected to a matrix crystallization heat treatment. The heat treatment 
consisted of 1200oC for 2 hours at a heating rate of 10oC/min. The CsGP matrix was 
reinforced with both particulates and continuous fibers. Particulate reinforcement consisted 
of chamotte powder. Unidirectional continuous fiber reinforcements utilized in the CsGP 
matrix composites were N720 roving fibers and mullite single crystal fibers.  
 
 Flexural creep testing was then accomplished using the same set-up as in 4-point 
bending, including LVDT measurement of center point deflection. Creep testing was 
modified from ASTM D2990, C1291 and C1337 since no flexural creep standard exists for 
CMCs. However, creep of refractory materials is usually evaluated in pure bending as 
opposed to tension [61]. Even though the geopolymer matrix is reinforced to add toughness, 
it is still very brittle when using oxide reinforcements that are capable of high temperatures. 
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Specimens were heated to the test temperature at 10oC/min and allowed 30 minutes to 
stabilize at temperature prior to initiating creep loading. The longer stabilization time 
compared to elevated temperature tensile testing was due to the size of the furnace and 
volume of material that required thermal equilibrium. Testing was accomplished at 1000, 
1200 and 1400oC. Creep stress levels were determined as varying percentages of the 
measured average flexural strength at each test temperature for each composite type. A 
steady state loading rate up to the desired creep stress was used and then the stress was 
held constant. The creep loading rate was determined as 200 N/min to reach the creep load 
in 3-5 seconds without an overshoot. The loading rate was verified to not exceed the rates 
measured during 4-point flexure testing under displacement control. Beam center-point 
deflection was again measured using an LVDT in contact with the lower surface of the test 
specimen. A run-out condition of 100 hours was utilized for this testing to simulate a high 
temperature service life for this material. Flexure creep results were analyzed using 
standard creep methods to determine creep strength and creep resistance of each composite 
type at each temperature.  
 
2.2   Microstructural Analysis 
 
2.2.1   Thermal Analysis 
 Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were 
performed using an STA 409 CD (Netzsch Group, Burlington, MA) at a rate of ±10oC/min 
from room temperate to 1200oC and back to room temperature. This analysis was performed 
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to identify temperatures associated with key crystallographic events like crystallization and 
crystalline symmetry transformation.  
 
2.2.2   X-Ray Diffraction Analysis 
 X-ray diffraction (XRD) analysis was performed using a Siemens-Bruker D5000 
diffractometer (Madison, WI). Tests were conducted at 40 kV, 30 mA, and at Bragg angles 
(2) from 4 to 70 degrees. Scan speed was 0.5 degrees/min, increment was 0.1 degrees and 
 = 1.5406 nm (CuK). Materials for XRD analysis were ground into a powder using an 
alumina mortar and pestle and sieved to under 40 m.  
 
2.2.3   Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) analysis was conducted on a JEOL JSM 6060LV 
(JEOL USA, Inc., Peabody, MA). SEM analysis was performed on both fracture surfaces and 
polished cross-sections. SEM cross-sections were cut with a high speed diamond abrasive 
blade and then polished with a diamond-colloid, polisher-grinder. All non-heat treated SEM 
samples were placed under vacuum for 24 hours prior to imaging to remove remnant water 
and trapped gases to avoid outgassing in the SEM chamber. All samples were gold-palladium 
sputter coated prior to viewing, to reduce charging on the surface and improve image quality. 
 
2.2.4   Particle Size Analysis 
 Particle size analysis was accomplished by the SediGraph method using an LA-950V2 
Laser Particle Size Analyzer (Horiba Scientific, Edison, New Jersey, USA). This method was 
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utilized for particulate reinforcements when particle size distributions were not provided by 
the manufacturer.  
 
2.2.5   Gas Pycnometry  
 An AccuPyc II 1340 gas pycnometer (Micromeritics Instrument Corporation, 
Norcross, GA) utilizing helium gas was used for skeletal density determination. Both 
ground and bulk samples were tested in this manner.  
 
2.3   Statistical Analysis 
 All mechanical properties results were averaged over the number of samples for each 
set of test conditions and a standard deviation to that average was also calculated. Standard 
deviations, S, were calculated using equation (5) below; where 𝑥 is the maximum strength 
of the sample, ?̅? is the average of the maximum strength values for that set of samples and 𝑁 
is the number of samples.  
 
𝑆 = √
∑(𝑥−?̅?)2
𝑁
   (5) 
 
2.3.1   Weibull Analysis 
 Weibull functions were calculated using a liner regression method. A distribution 
function, 𝐹, was estimated based on the maximum failure stresses using the median rank 
method shown in equation (6). Where the maximum stress for each sample is given a rank, 𝑖, 
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from 1 to 𝑛, which is the number of samples in the batch; with a rank of 1 given to the lowest 
stress value [73].  
 
𝐹 ≅  
𝑖−0.3
𝑛+0.4
              (6) 
 
 The Weibull distribution function is also given by equation (7) below, where 𝜈 is the 
non-dimensional volume, 𝜎 is the stress, 𝜎𝑜 is the scale parameter and 𝑚 is the shape 
parameter or Weibull modulus. 
 
𝐹 = 1 − 𝑒
[−𝜐(
𝜎
𝜎𝑜
)
𝑚
]
               (7) 
 
 To determine the Weibull parameters, it was assumed that gage length is unchanged 
in the specimens, so 𝜈 = 1, and equation (7) can be rearranged to obtain equation (8) below.  
 
Ln [ln (
1
1−𝐹
)] = 𝑚 ln (𝜎) − 𝑚 ln( 𝜎𝑜)              (8) 
 
This fits the common slope-intercept form of a line, so ln [ln (
1
1−𝐹
)] was then plotted versus 
ln (𝜎), using the approximation of 𝐹 given in equation (7), and a linear fit was applied for 
each data series.  The slope of the fit line then corresponds to the Weibull modulus, 𝑚, and 
the y-intercept corresponds to – 𝑚 ln (𝜎𝑜) which can be solved for 𝜎𝑜.   
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CHAPTER 3 
MATERIALS PROCESSING 
 
3.1   Geopolymer Synthesis 
 Geopolymer was created by first synthesizing an alkali silicate solution (waterglass) 
of chemical formula M2O⋅2SiO2⋅11H2O. The solution was created by mixing an alkali metal 
hydroxide (NaOH, KOH, or CsOH), deionized water and fumed silica (Cab-o-sil, Cabot Corp., 
Boston, MA) in a stainless steel container using a magnetic stir plate and 
polytetrafluoroethane (PTFE) magnetic stir bar. After fully dissolving the alkali hydroxide in 
the deionized water, the fumed silica was slowly added to ensure full dissolution. The 
solution is allowed to mix covered for 24 hours. After which any water content that was lost 
due to the exothermic reaction of the water and hydroxide or evaporation was replaced to 
maintain the proper chemical composition. This was calculated by weighing the mixture 
before and after the 24 hour mixing period. 
 
 The waterglass solution was then combined with metakaolin (Metamax HRM, BASF 
Corp., Florham Park, NJ) to create geopolymer slurry of chemical composition 
K2O⋅Al2O3⋅4SiO2⋅11H2O. The typical chemical composition for MetaMAX, which was utilized 
exclusively in this study, can be seen in Table 17 [60] along with the XRD spectrum in Figure 
44. The structure is almost completely amorphous, returning a diffuse peak centered at 
approximately 22o 2θ, following the dehydroxylation process. The only crystalline 
   
77 
 
reflections were that of the TiO2 impurity. Bulk density was given by the manufacturer as 2.6 
g/cm3, with an average particle size of 1.3 m [60].   
 
Table 17.  Typical chemical composition of MetaMAX metakaolin, Ref. [60] 
 SiO2 Al2O3 TiO2 Fe2O3 K2O MgO CaO Na2O LOI 
 (wt%) 53.0 43.8 1.70 0.43 0.19 0.03 0.02 0.23 0.46 
 
 
 
Figure 44.  XRD spectrum for BASF MetaMAX metakaolin 
 
 Initial mixing was accomplished with an IKA overhead stirrer with a high shear blade 
(Model RW20 DZM, IKA, Wilmington, NC) for five minutes at 1800 rpm, which ensured 
complete distribution of metakaolin particles resulting in a low viscosity, homogeneous 
slurry.  After initial mixing, the slurry was degased by hand using an FMC Syntron vibrating 
table (FMC Technologies, Houston, Texas)  and then further mixed and degased in a Thinky 
ARE-250 planetary conditioning mixer (Intertronics, Kidlington, Oxfordshire, England). The 
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Thinky mixer was run at 1200 rpm (144 G’s) for three minutes to mix and 1400 rpm (196 
G’s) for three minutes to centrifugally de-gas the slurry. 
  
 The use of superplasticizers, common in the cement industry, does not work in 
geopolymer formation as the superplasticizer material is not miscible within the geopolymer 
slurry and therefore coagulates and does not perform its intended function. Over-hydration 
can be used to reduce viscosity, but results in increased porosity in the cured material due 
to excess free water that does not support the geopolymerization process. Provis et al. [56] 
did note that excess water increases the rate of condensation within the geopolymerization 
reaction by weakening the bond between the alkali metal cations and the aluminate and 
silicate monomers.  
 
 Pure geopolymer test samples were molded in sealed 1 cm x 1cm x 10 cm Delrin 
molds and cured at 50oC for 24 hours. The calculated average bulk density of the pure 
geopolymer samples was 1.47 g/cm3 for NaGP, 1.51 g/cm3 for KGP, 1.84 g/cm3 for CsGP.  
 
3.2   Composite Processing 
3.2.1   Particulate Reinforced Composites 
 Particulate and/or platelet reinforced composites were fabricated by incorporating 
the particles into the geopolymer slurry by low speed mixing with the IKA overhead stirrer. 
One final round of degasing was performed on the vibrating table prior to molding of these 
test samples. The Thinky mixer was not used for mixing or degasing because its centrifugal 
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nature would separate the particulates from the geopolymer slurry and disrupt the 
homogenous distribution that was desired for uniform composite test samples. 
 
 The particulate reinforced slurry was then molded into 1 x 1 x 10 cm flexure test 
specimens in a Delrin mold. The vibrating table was utilized during molding to reduce 
trapped air in the samples. The molds were sealed with plastic wrap and placed in the oven 
at 50oC to cure for 24 hours. After curing, the samples were demolded and stored in sealed 
bags for 1 week prior to mechanical testing. Sealed samples slowly dehydrated over time 
with mass loss continuing through 5 weeks; therefore a consistency of storage time before 
testing was established to eliminate variations. Figure 45 shows the mass loss due to 
dehydration of sealed potassium geopolymer samples. These data were collected by 
weighing a group of samples after the specified duration of time, immediately after removing 
them from their sealed storage. 
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Figure 45.  Mass loss in sealed potassium geopolymer samples 
 
3.2.1.1   Chamotte Reinforced KGP 
 Scanning electron microscopy (SEM) imaging was conducted to determine the shape 
and size of the chamotte particles. Figure 46 shows the wide distribution in chamotte particle 
sizes, as well as their low aspect ratio and irregular shapes. 
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Figure 46.  SEM image of chamotte powder. 
  
 The rheology of samples created with up to 25 weight percent particulate 
reinforcement was workable. However, at a higher weight percent the slurry was nearly 
solid without shear thinning which could be induced using the vibrating table to allow for 
sample molding. The crystalline nature of the chamotte powder was confirmed by powder 
XRD.  Figure 47 shows the X-ray diffraction results for the pure chamotte powder.  
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Figure 47.  XRD spectrum of chamotte powder 
 
 A comparison of the X-ray diffraction spectrum of chamotte and model mullite source, 
KM mullite, is seen in Figure 48. It reveals the compositional differences between the two 
powders. KM mullite is nearly pure polycrystalline mullite, while chamotte is polycrystalline 
mullite, quartz and cristobalite along with an amorphous portion indicated by the diffuse 
peak centered at approximately 24 degrees.  
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Figure 48.  XRD spectra of chamotte NP Special compared to KM mullite 
 
 Calculated density values for composite specimens containing up to 25 weight 
percent of chamotte followed a rule of mixtures between the density of pure geopolymer and 
the chamotte bulk density (2.55 g/cm3) indicating that no additional porosity was 
introduced by incorporation of the particulate reinforcement. However, at 50 weight percent 
of chamotte filler the calculated density was lower than the theoretical density predicted by 
the rule of mixtures. This result indicates slightly higher porosity with that amount of filler 
phase, which can be attributed to trapped air from mixing the extremely high viscosity 
material and the inability to degas. This corroborated with Djangang et al. [40] who found 
increasing open porosity with increasing chamotte content in clay composites. Increased 
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porosity could be a contributing factor in lowering flexural strength values, since pores act 
as crack initiation sites due to stress concentrations. 
 
 Particle size analysis was completed on the chamotte powder, since the 
manufacturer’s provided particle size was < 1 mm.  Darvan C dispersant was used to 
disperse the powder in deionized water due to the high mullite content of chamotte, having 
the same isoelectric point as water [64]. A refractive index of 1.550 was chosen between that 
of mullite (1.650) and that of cristobalite (1.487). The resulting polydisperse particle size 
distribution is depicted in Figure 49. The distribution is largely bi-modal at 10 and 30 m, 
but also shows a small percentage of particles in the 200 m size range. The mean particle 
size was 25.6 m.  
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Figure 49.  Particle size analysis of chamotte powder. 
 
 This analysis was also completed on the KM mullite powder, showing an average 
particle size of 1.28 m, which is much smaller than that of the chamotte powder. 
 
3.2.1.2   Alumina Platelet Fillers in KGP 
Alumina platelets, described in section 1.5.1 were added as a filler to a KGP matrix 
that was to be reinforced with N610 woven fabric. Upon heating, the geopolymer matrix was 
weakened by matrix cracking as a result of dehydration and matrix/fiber thermal expansion 
mismatches. The purpose of the alumina platelets is to bridge the matrix cracks as they 
developed and retain more overall composite strength at elevated temperatures.  
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Low speed mixing in the case of platelets ensured that the platelets were not ground 
up and a loss of aspect ratio did not occur. The aspect ratio of platelets gives them a strength 
advantage over low or unity aspect ratio particulates because they are able to take on some 
of the load in addition to acting as a solid solution strengthening mechanism by crack 
bridging. 
 
3.2.1.3   Milled Carbon Fiber Fillers in KGP 
 For the same purpose as the alumina platelets were utilized, milled carbon fibers 
were also used as a filler in a KGP matrix which was reinforced with carbon fiber woven 
fabric. While carbon fibers cannot operate at temperatures in excess of 600oC due to 
oxidation in air, they do provide for enhanced strength at lower temperatures. 
 
 As with platelets, milled fibers were mixed at low speed to maintain their length. 
While the longer the fibers are, the less workable the matrix is, especially when trying to 
infiltrate a woven fabric preform, if the length is maintained above that of the critical fiber 
length than the fibers can take on their full load bearing capability.  
 
 For this study, milled carbon fibers were added to the KGP matrix at 7 weight percent. 
This value was chosen to match the volume fraction of filler phase produced by 15 weight 
percent of alumina platelets.  
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3.2.2   Chopped Fiber Reinforced Composites 
 Chopped fibers were added in the prescribed weight percent using hand mixing. 
Mechanical mixing tended to fracture the fibers resulting in inconsistent test data and 
shorter fiber lengths than expected. Basalt chopped fiber reinforced KGP was hand mixed 
and molded in a Delrin mold into 1 inch x 1 inch x 6 inch bend bars.  
 
3.2.3   Continuous, Unidirectional Fiber Reinforced Composites 
3.2.3.1   Natural Fiber Reinforced NaGP 
 For a low cost, easy to process structural biocomposite technology demonstration, 
NaGP was reinforced with chemically extracted corn husk fibers (CHF) to form composite 
panels. This composite system has potential application in underdeveloped countries as a 
low cost, fire resistant building material. The composite panels were created using a 6 inch 
by 8 inch rectangular Delrin mold. The panels were laid-up with fibers in both quasi-aligned 
and random fiber orientations. For the quasi-aligned panels, previously aligned and dried 
CHF fibers were cut into three 6 inch by 8 inch plies (Figure 50) and then laid up along with 
geopolymer slurry in a paste and weave method to guaranteed maximum infiltration of 
matrix material within fiber bundles. Randomly oriented panels utilized a single ply of 
randomly oriented, but evenly distributed CHF, which was then infiltrated with the 
geopolymer slurry. Each variant of fiber orientation was also molded with/without the fibers 
pre-wet prior to molding. Due to the hydrophilic nature of CHF, a fiber pre-wetting variable 
was introduced to determine if the amount of water absorbed by dried fibers affected the 
geopolymerization reaction and thus the overall mechanical properties of the biocomposite. 
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Wetted fibers were soaked in deionized water for 1 hour and before being laid up in the panel 
mold. This duration of soaking was utilized to mimic the amount of time free water is 
available during geopolymerization which could be absorbed by the fiber. After one hour the 
free water is trapped in the matrix porosity and would not be absorbed by the fibers.  
 
 
Figure 50.  Optical image of quasi-aligned CHF plies 
 
 The uncured panel was then covered with a Delrin top piece and placed in a hydraulic 
press at 50 psi for 24 hours to compress the panel and remove excess geopolymer matrix 
material. Following the cold press process, the panel mold was sealed and placing in the oven 
at 50oC for 24 hours for final curing. An example of an as-cured panel can be seen in Figure 
51 below.  
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Figure 51.  Optical image of NaGP with CHF cured composite panel 
  
 Four types of composite panels were created in total, which are outlined in Table 18. 
Each one is a perturbation of the fiber orientation and pre-wetted/unwetted fibers. 
 
Table 18.  CHF composite panel types 
 Mass Fraction Fiber Orientation Wetted/Unwetted 
Panel 1 13.28% Quasi-aligned Wetted 
Panel 2 12.99% Quasi-aligned Unwetted 
Panel 3 14.45% Random Wetted 
Panel 4 12.01% Random Unwetted 
 
 
3.2.3.2   Polycrystalline and Single Crystal Fiber Reinforced CsGP 
 Continuous, unidirectional fiber reinforced composites were also fabricated for 
elevated temperature 4-point flexure and flexural creep testing. These samples were 
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developed with Nextel 720 fibers and mullite single crystal fibers as the reinforcing phase. 
The matrix material for these unidirectional fiber reinforced composites was CsGP due to its 
high thermal stability and crystallization into highly creep resistant pollucite. Fibers in 
accurately measured amounts were hand laid into slots in a Delrin mold designed to create 
3 mm x 4 mm x 50 mm bend bars. CsGP was injected into each slot using a plastic syringe 
while the mold was vibrated on a vibrating table to induce shear thinning of the geopolymer 
slurry. The vibration also served to evenly distribute the fibers throughout the mold cross 
section. As seen in the optical microscope image of Figure 52, the MSCF are evenly 
distributed throughout the cross section with excellent infiltration between fibers.  The mold 
was then sealed and cured at 50oC for 24 hours before demolding. Cured samples were 
allowed to sit for 7 days prior to heat treatment at 1200oC for 2 hours to crystallize the CsGP 
into pollucite. Heating rate for crystallization heat treatment was 5oC/min.  
  
   
 
   
91 
 
 
Figure 52.  Optical image of cured MSCF reinforced CsGP (reflected and unpolarized light) 
 
 As mentioned in section 1.3.3.5, mullite single crystal fibers (MSCF) created by the 
internal crystallization method resulted in a cross-sectional area with sharp faceted corners 
and approximate dimensions as shown in Figure 53 below. These sharp corners resulted in 
stress concentrations of the stresses that result from a slight thermal expansion mismatch 
between the matrix and fiber during curing and matrix shrinkage due to dehydration and 
crystallization. The stress concentration caused cracking to occur in cured samples which 
emanated from the fiber corners. Upon heat treatment, this problem was exacerbated and 
cracks grew larger and wider. However, the porous nature of the geopolymer resisted a 
brittle fracture as a result of the microcracking induced by the fiber corners. SEM images of 
the composite after curing and after heat treatment at 1200oC for 2 hours are shown later in 
section 5.3.2.  
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Figure 53.  MSCF cross-section schematic 
 
 
3.2.4   Woven Fabric Reinforced Composites 
 Woven fabric reinforced composite plates were fabricated using a paste and weave 
hand lay-up process. All composites made for this study comprised of 8 layers of fabric laid 
up symmetrically, with the exception of basalt fabric which used 10 layers because of its 
lower thickness. If each layer is represented as (0/90), then the final lay-up for the 
composites was [(0/90)4]s. One hybrid panel was also fabricated using N720 and carbon 
fiber alternating plies to take advantage of the advantageous properties of both 
reinforcements. It was laid up in a alternating fashion and then reversed at the midpoint to 
create a symmetrical layup. N720 weaves were utilized as the top and bottom plies to protect 
the inner carbon fiber plies from thermal degradation. The symmetrical lay-up in all cases 
ensured that there would be no warping or residual stress created during curing or heat 
treatments due to asymmetrical fiber content. This was performed for all types of 
reinforcements, although the plain weave carbon fiber weave did not require it due to its 
symmetrical weave pattern. The plates were laid up in a 6 inch by 8 inch Delrin mold with 
alternating layers of geopolymer slurry and fabric panel as seen schematically in Figure 54. 
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Figure 54.  Schematic of paste (yellow layers) and weave composite lay-up 
 
 The final lay-up was covered with a Delrin top piece and placed under a hydraulic 
press at 100 psi for 24 hours to consolidate the composite and remove excess matrix 
material. After cold-pressing, the mold was sealed and placed in the oven at 50oC for 24 hours 
to cure. The only exception to the 50oC for 24 hours curing cycle was in the case of the 50 
mol% CsGP/50 mol% KGP matrix, which required 70oC for 48 hours to inhibit the crystal 
symmetry transformation of the leucite created upon heating and cooling the KGP content.  
 
 Composite plates with woven reinforcement were also fabricated using the vacuum 
assisted resin transfer molding (VARTM) method. The plies were also laid up in an 8-layer 
symmetric panel and then topped with a nylon release ply and distribution media to aid in 
removal of the sample after curing and allow for homogeneous infiltration of the geopolymer 
slurry, respectively. The entire lay-up was then vacuum bagged. The final configuration prior 
to vacuum infiltration is shown in Figure 55. Degassed geopolymer precursor slurry was 
pulled through the vacuum bag to infiltrate the fiber panel. The geopolymer slurry was 
overhydrated with 10 wt% of deionized water to act as sacrificial content for evaporation, 
as well as lowering the viscosity for better infiltration. Due to the decrease in the boiling 
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point of water in a vacuum, the operating vacuum pressure was maintained at 20 in Hg to 
avoid boiling at room temperature.  After vacuum infiltration was complete, the vacuum bag 
was sealed to maintain vacuum pressure and the panel was placed in the oven at 50oC for 24 
hours to cure. VARTM processing was investigated due to its ability to produce high fiber 
volume fraction panels with low void content and scalability for use in more complex shapes. 
 
 
Figure 55.  VARTM panel prior to infiltration 
 
 Cured composite plates were cut into straight-sided tensile and flexure test samples 
using a high speed wet tile saw with a diamond abrasive blade. Tensile test samples we 
tabbed with Garolite (fiberglass composite) tabs using a two-part epoxy prior to testing. 
Tabbing prevented damage to the tensile gripped sections which would result in stress 
discontinuities and gripped section, rather than gauge section, failures.  
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 Composite fiber volume fractions for woven fabric reinforcements were calculated 
using the thickness measurement method, shown below in equation (9).  
 
      𝑉𝑓 =
𝑛𝐴𝑓
𝜌𝑓𝑡
     (9) 
 
This method of calculating the fiber volume fraction is equivalent to the rule of mixtures 
method shown in equation (10) and used for unidirectional fiber reinforced composite fiber 
volume fraction calculations, but utilizes the known woven fabric property of areal weight 
Af  (mass per unit area), along with the number of fabric layers in the composite n, the fiber 
density within the fabric f  and the composite thickness t.  
 
      𝑉𝑓 =
𝜌𝑚𝑀𝑓
𝜌𝑓𝑀𝑚+𝜌𝑚𝑀𝑓
    (10) 
 
Similarly, fiber mass fraction was calculated using equation (11) below which utilizes the 
length, width and mass of the composite test sample.  
 
      𝑀𝑓 =
𝑛𝐴𝑓𝑙𝑐𝑤𝑐
𝑚𝑐
    (11) 
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CHAPTER 4 
MECHANICAL PROPERTIES 
 
4.1   Splitting Tensile Strength 
4.1.1   Monolithic NaGP and KGP 
 Splitting tensile strength was evaluated for both monolithic KGP and monolithic 
NaGP. CsGP is too brittle at room temperature when unreinforced to obtain repeatable 
mechanical test data. Resulting tensile strength data was very consistent with small standard 
deviations for both materials. Values of 5.90 ± 1.24 and 7.52 ± 1.02 MPa were found for NaGP 
and KGP respectively, as shown in Figure 56.  
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Figure 56.  Splitting tensile strengths for monolithic geopolymer 
 
 These splitting tensile strengths are similar to those found by Davidovits [8] of 4.43 
to 7.43 MPa for fly ash based geopolymer. As previously mentioned, the content of fly ash 
results in geopolymer with aggregate reinforcement as compared to the monolithic 
geopolymer measured in this test. However, Davidovits explains that while the aggregate 
contributes to compressive strength, only the geopolymer matrix drives the tensile strength 
[8]. Throughout literature, there are many attempts to develop a correlation between 
splitting tensile strength and compressive strength. Arioglu et al. [72] cite numerous of these 
equations which apply to different types of cement/concrete. The equation that fits 
geopolymer composition best is the equation developed for fly ash based cement. 
Rearranged to form equation (12) below, measured splitting tensile strengths can be used 
to predict compressive strength. 
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     𝜎𝑐 = 5.13𝜎𝑠𝑝𝑡
1.515     (12) 
 
Using this equation estimates an average room temperature compressive strength of 75.5 
MPa for NaGP and 109.0 MPa for KGP. This value is not far off from the experimentally 
obtained 101 MPa average compressive strength of monolithic geopolymer (compressive 
strength provided by Shinhu Cho, Kriven Research Group).  For NaGP with an average 
splitting tensile strength of 5.9 MPa, this equation predicts an average compressive strength 
of 75.5 MPa. While Na-based geopolymer systems tend to promote aluminosilicate 
(metakaolin) dissolution better, K-based geopolymer systems generally have higher 
compressive strengths for the same molar ratio [8]. That implies that although the 
dissolution is better in NaGP, KGP has a higher degree of geopolymerization, as unreacted 
metakaolin particles tend to weaken the monolithic cured material. This is yet another 
favorable reason for selection of KGP as the geopolymer binder of choice.  
 
4.1.2   50/50 mol% Cs/KGP 
 Similarly to the monolithic single component geopolymers, the mixed potassium and 
cesium geopolymer was also tested in splitting tension. The splitting tensile strength of the 
50 mol% CsGP and 50 mol% KGP matrix material was found to be 6.03 ± 1.43 MPa, lower 
than that of pure KGP, but still slightly higher than that of pure NaGP. The fragile nature of 
monolithic CsGP contributed to the reduction in tensile strength. The splitting tensile 
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strengths of all the materials tested along with their respective Weibull parameters are 
shown in Table 19 below.  
 
Table 19.  Splitting tensile strengths for monolithic geopolymer 
Material 
Splitting Tensile 
Strength  
(MPa) 
Weibull 
Modulus 
Weibull Scale 
Factor  
(MPa) 
Pure NaGP 5.90 ± 1.24 5.22 6.36 
Pure KGP 7.52 ± 1.02 7.65 7.98 
50/50 mol% Cs/KGP 6.03 ± 1.43 4.37 6.64 
 
 
4.2   Monotonic Tensile Strength 
Monotonic tensile testing was performed on CHF unidirectional fiber and woven 
fabric reinforced composites. Tensile samples were cut from composite panels and tabbed 
prior to testing. With the exception of CHF reinforced NaGP, all tensile tests were run under 
load control to maintain a 25 MPa/s stress rate. CHF reinforced composites were tested 
under displacement control at a rate of 0.02 mm/sec.  
 
4.2.1   Unidirectional Fiber Reinforced NaGP 
 Tensile test results for the composite panels with quasi-aligned and both the wetted 
and unwetted fibers are shown below in Table 20, along with their respective Weibull 
parameters.  Tensile testing was not performed on the randomly aligned fiber samples 
because strength would have been even lower than that of the quasi-aligned fiber composite. 
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Tensile strength for unreinforced NaGP in the first row of the table was from splitting tensile 
results.  
 
Table 20.  Tensile strengths for CHF reinforced NaGP 
Fiber Orientation 
Wetted or 
Unwetted 
Average 
Strength 
(MPa) 
Standard 
Deviation 
(MPa) 
Weibull 
Modulus 
Weibull 
Scale Factor 
(MPa) 
Pure NaGP - 5.90 1.24 5.22 6.36 
Quasi-aligned (A) Wetted (W) 3.16 0.28 8.58 3.04 
Quasi-aligned (A) Unwetted (U) 2.88 0.33 10.77 3.30 
 
  
While tensile strength is low, composite toughness was much higher than that of 
monolithic geopolymer. Low standard deviations in tensile strength for reinforced samples 
indicated much improved flaw tolerance over the unreinforced geopolymer. Stress-strain 
curves seem to follow a trend similar to thermoplastics in that there is an initial elastic region 
followed by yielding, in this case initial matrix failure, and then a period of high elongation 
or drawing. Tensile behavior remained nearly linear, for both wetted and unwetted fibers, 
until the point of initial matrix failure at approximately 2.5 MPa. From there all curves 
exhibited a non-linear response indicating progressive matrix failure. During the non-linear 
portion strength was still increasing due to the straightening and elongation of the fibers 
before initial fiber failure at the peak. Failure following ultimate tensile strength was graceful 
and showed high amounts of fiber elongation and pullout. This is consistent with the 15.3% 
average elongation of CHF reported by Huda and Yang [30]. High amounts of fiber pullout 
are indicative of a weak fiber/matrix interface and result in high amounts of energy 
absorption due to friction with the matrix material during pullout. A slight strength gain was 
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seen in samples where the fibers were pre-soaked prior to infiltration with the geopolymer. 
The theory behind pre-soaking the fibers was to prevent water absorption from the 
geopolymer slurry during curing which would result in a dry, more brittle fiber/matrix 
interface. The reasoning followed that of why geopolymer is sealed during curing to prevent 
water evaporation and embrittlement. 
 
 
Figure 57.  Tensile stress-strain curves for CHF in NaGP (A, U) 
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Figure 58.  Tensile stress-strain curves for CHF in NaGP (A, W) 
 
SEM micrographs seen in Figure 59 and Figure 60 depict a cross sectional view of a 
CHF reinforced NaGP composite. SEM samples were cut using a high speed diamond abrasive 
saw and were not polished due to the hydrophilic nature of geopolymer and the CHF, which 
would have altered the existing microstructure. The striations seen in the images are a result 
of the cutting process. Since the CHF bundles are hydrophilic, during pressing or as a result 
of pre-wetting they absorb water and expand slightly, then during the curing process, they 
dry out and shrink away from the geopolymer creating gaps which creates a weak 
fiber/matrix interface. Additionally, some cracks can be seen propagating through the matrix 
and deflecting around the fiber bundles, also representative of a weak interface. From the 
micrographs the wide variation in diameter and shape of the CHF bundles is also apparent.  
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Figure 59.  SEM image of CHF bundle in 
NaGP matrix, M=140x 
 
Figure 60.  SEM image of CHF bundle in 
NaGP matrix, M=200x 
 
4.2.2   Woven Fiber Reinforced KGP 
 Tensile testing was accomplished on composites with a variety of matrix and woven 
fabric combinations. Matrix materials included pure KGP, pure CsGP and a 50/50 Cs/KGP 
mixture. Woven fibers included N312, N610, N720, basalt, Kevlar, carbon fiber and a 
N720/carbon fiber hybrid.  Each fabric type exhibited different beneficial qualities and 
would apply to different application requirements. Additionally, N610 weave reinforced KGP 
also utilized alumina platelets to aid in crack bridging during dehydration on heating. Carbon 
fiber weave reinforced KGP also utilized milled carbon fibers for the same purpose as the 
alumina platelets. Depending on the reinforcement type, the samples with woven 
reinforcement were tested at ambient temperature, 400, 800 and 1000oC.  
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 All composite fiber volume fractions were calculated using the thickness 
method described earlier. In order to directly compare each reinforcement or matrix type, it 
was assumed that the composite tensile strength was a linear function of fiber volume 
fraction and that the reinforcement tensile strength was much greater than that of the 
matrix, so that the matrix contribution could be neglected. Fiber volume fractions for all test 
specimens ranged from 20-32%. Therefore all data were normalized to a 25% fiber volume 
fraction for direct comparison. This volume fraction value represented total fiber volume 
fraction, whereas the effective volume fraction for fibers in the loading direction was half of 
that value. Strength normalization followed equation (13) below, where f is the fiber volume 
fraction. All fabrics have been heat cleaned at 700oC for 5 minutes to remove the organic 
sizing, unless otherwise stated. Sizing removal enhances infiltration of the matrix material 
within fiber tows. All elevated temperature testing was performed in situ with specimens 
heated to the test temperature at a rate of 1oC/sec.  
 
      
𝜎𝑛𝑜𝑟𝑚
𝑓𝑛𝑜𝑟𝑚
=
𝜎𝑓1
𝑓1
     (13) 
 
Figure 61 below depicts the average tensile strength as a function of test temperature 
for all of the tested fabric types. The Nextel fabrics (312, 610 and 720) were incorporated 
for use at higher temperatures, while carbon fiber, basalt and Kevlar fabrics were 
incorporated for use at more moderate temperatures. As expected, the strongest fiber 
reinforcements produced the highest composite tensile strength at room temperature. 
Kevlar reinforced KGP was only tested at room temperature due to the low use temperature 
of the fiber, but it produced the strongest composites. Similarly, carbon fiber fabric also 
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resulted in very strong room temperature composites. However, since the fibers oxidize at 
become brittle at relatively low temperature the strength dropped off rapidly at 400oC. The 
addition of the milled carbon fiber filler phase resulted in slightly lower room temperature 
strength than the composite without the filler. It was only tested at room temperature due 
to no added value in tension. The intent of the filler phase was to improve flexural strength 
by inhibiting delamination in geopolymer rich areas between fabric plies.  
 
Composites made with N610 woven fabric demonstrated high tensile strength at 
ambient temperature, with a slow decline in tensile strength with increasing temperature. 
The addition of alumina platelets improved not only room temperature tensile strength, but 
also improved the strength up to 800oC. N720 based composites behaved similarly to N610 
composite, but with lower initial strength at room temperature. The decline in tensile 
strength with increasing temperature was slightly slower than for N610. N312 fabric based 
composites where even less strong at room temperature, but lost less strength as 
temperature increase than the other Nextel fabrics. The basalt fabric reinforced composites 
had the lowest room temperature strength and also lost strength rapidly at 400oC.  
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Figure 61.  Tensile strength vs. temperature for all woven fabric composites 
 
In Figure 62, the same data are compared as a function of their room temperature 
tensile strengths. As previously mentioned, both the carbon fiber and basalt fabric based 
composites rapidly lost strength at 400oC. The Nextel family of woven reinforcements lost 
strength more slowly with percentage of tensile strengths at 1000oC, similar to those for 
carbon fiber and basalt based composites at 400oC. Of the Nextel fabrics, N720 maintained 
the highest percentage of its room temperature strength with increasing test temperature. 
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Figure 62.  Relative tensile strength vs. temperature for woven composites 
 
A comparison of all of the woven fabric composites’ room temperature tensile 
strengths can be seen in Figure 63. Since some of the reinforcements were only tested at 
room temperature, this chart serves to provide a direct comparison of each reinforcement 
type at ambient conditions. Not shown in the previous chart is the comparison between sized 
and de-sized variations for N610 and N720 fabrics. Sizing was left on to compare the effects 
on tensile strength with and without the organic sizing on the fabric. Since the sizing is 
organic, it will not react with the geopolymer during curing. In Figure 63, one can see that 
the effect of sizing on tensile strength is well within the standard deviation for both N610 
and N720 based composites. Therefore whether the sizing is removed or left in place has no 
bearing on the room temperature tensile strength. For the hybrid composite that was 
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created with alternating layers of N720 and carbon fiber fabric in a CsGP matrix, a slightly 
lower room temperature tensile strength is seen compared to the CsGP based composite 
with all N720 fabric. Figure 63 also shows the data for the varying matrix materials used 
with N720 woven fabric. Those date are compared for all test temperatures is Figure 71 and 
Figure 72 that follow.  
 
 Here it can be seen that a CsGP matrix is more beneficial than a KGP matrix 
indicated by higher tensile strength at room temperature, even though CsGP alone is a much 
weaker monolithic material than KGP. The mixed CsGP/KGP matrix composite had worse 
performance that either the pure KGP or pure CsGP matrix. It is possible that the presence of 
two cations during geopolymerization hindered the process slightly and incomplete 
geopolymerization occurred which leaves unreacted metakaolin in the matrix and 
subsequently weakens it. Again it can be seen that the Kevlar reinforced composite has 
exceptional tensile strength for such a low fiber volume fraction, but its use temperature is 
limited to 160oC by the manufacturer, so it remains as an excellent low temperature 
reinforcement or for transient high temperatures like armor or aircraft fire resistant panels.  
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Figure 63.  Room temperature tensile strengths for all composites 
 
  A summary of the average room temperature tensile strengths and their associated 
Weibull parameters is shown in Table 21. The highest Weibull moduli are seen for the 
composites with matrix filler phases and carbon fiber or Kevlar reinforcement. The VARTM 
composite also shows a high Weibull modulus indicating it as a reliable processing method 
to make consistent composites.  
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Table 21.  Summary of RT tensile strengths and Weibull parameters 
Material 
Average 
Flexural Strength 
(MPa) 
Weibull 
Modulus 
Weibull Scale 
Factor 
(MPa) 
KGP, N312 61.49 ± 3.53 13.24 55.13 
KGP, N610 161.13 ± 10.96 11.40 158.62 
KGP, N610 (Sized) 61.49 ± 3.53 17.74 146.57 
KGP, N610, VARTM 61.49 ± 3.53 19.58 209.65 
KGP, N610+15wt%WCA 216.91 ± 10.55 28.42 173.60 
KGP, N720 112.00 ± 10.49 13.58 122.39 
KGP, N720 (Sized) 61.49 ± 3.53 16.70 126.80 
50/50 Cs/KGP, N720 84.09 ± 4.21 19.67 67.64 
CsGP, N720 91.55 ± 8.68 8.02 115.56 
KGP, CF 218.07 ± 7.12 24.55 266.59 
KGP, CF+7wt%MCF 205.71 ± 7.94 24.66 194.00 
CsGP, N720+CF 120.02 ± 4.25 13.27 130.12 
KGP, Basalt 44.63 ± 5.77 6.91 52.13 
KGP, Kevlar 270.02 ± 9.24 18.68 287.21 
 
 
Figure 64 through Figure 66 compare the tensile strengths of the various composites 
for 400, 800 and 1000oC, respectively. Figure 64 shows that the N610 composite with 
alumina platelets remained the strongest of the high temperature reinforcements. It can be 
seen that the strengths of the N610 and N720 based composites start to converge with 
increasing temperature even though the N610 is a much stronger fiber. This phenomenon 
owes itself to the microstructure and composition of the N720 fibers which were designed 
to perform better at elevated temperatures and in creep conditions. Again, the CsGP matrix 
performed better than the KGP matrix when reinforced with N720 fabric. The margin of 
added strength is similar to that seen at room temperature. While the strength of the carbon 
fiber reinforced KGP dropped off rapidly at 400oC, the strength of the hybrid N720 and 
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carbon fiber composite in CsGP maintained a large percentage of its room temperature 
strength.  
 
 
Figure 64.  400oC tensile strengths for all composites 
 
At 800oC, the N610 with WCA alumina platelets composite is no longer the strongest 
composite due to the higher thermal stability of the CsGP matrix and N720 fibers, as seen in 
Figure 65. It is becoming evident that the best high temperature combination of matrix and 
reinforcement is CsGP and N720. For this reason, it was the focus of the flexural creep 
evaluation covered later. The benefit of the CsGP matrix is also evident by the fact that the 
hybrid composite with N720 and carbon fiber fabrics is retaining nearly the same tensile 
strength as the KGP and N720 composite despite half of the fiber volume fraction being 
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carbon fiber which is not contributing much to the strength at this temperature. Carbon fiber 
and basalt reinforced composites are no longer included due to their low tensile strength at 
400oC. A large standard deviation is seen in the N610 with alumina platelets due to only two 
samples being tested at this condition with a large discrepancy.  
 
 
Figure 65.  800oC tensile strengths for all composites 
 
Again at 1000oC, seen in Figure 66, CsGP with N720 reinforcement leads the pack in 
tensile strength with an even greater margin over the other composites. Little strength is lost 
between 400oC and 800oC for that composite. The margin of strength advantage that a pure 
KGP matrix had over the 50/50 Cs/KGP matrix has been closing as test temperature 
increases. At 1000oC, there is very little difference in their tensile strengths. The benefit of 
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the CsGP matrix is also evident by the fact that the hybrid composite with N720 and carbon 
fiber fabrics is retaining nearly the same tensile strength as the KGP and N720 composite 
despite half of the fiber volume fraction being carbon fiber which is not contributing much 
to the strength at this temperature. Here the degradation of the carbon fiber weave has taken 
a toll on the tensile strength of the hybrid composite and it is no longer stronger than its pure 
KGP with N720 and 50/50 Cs/KGP with N720 counterparts.  
 
 
Figure 66.  1000oC tensile strengths for all composites 
 
Figure 67 more clearly shows the difference between the three Nextel woven fabrics 
in a KGP matrix. While the N610 reinforced composite has the higher room temperature 
strength, it does drop off more rapidly that the other two at elevated temperatures and the 
   
114 
 
strengths begin to converge with those of the N720 reinforced composite. Both the N312 and 
N720 fabrics lose strength at a slower rate due to their mullite content.  
 
 
Figure 67.  Tensile strength vs. temperature for KGP with Nextel fabrics 
 
In Figure 68, the same data are compared as a percentage of their room temperature 
strength. The N720 reinforced composite shows a slower rate of strength loss, especially at 
400oC. At 800oC, both N312 and N720 composites have higher percentages of their room 
temperature strength than the N620 composite. At the higher temperature, the crystalline 
nature of the N312 is beginning to convert to mullite and obtain the thermal stability that 
the mullite content affords. At 1000oC, all of the composites have reached the same 
percentage of their room temperature tensile strength.  
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Figure 68.  Relative tensile strength vs. temperature for KGP with Nextel 
 
A direct comparison of the N610 composite with and without the alumina platelet 
filler can be seen in Figure 69. The composite with the platelet additive maintains a higher 
tensile strength through 800oC, despite a more rapid strength loss between room 
temperature and 400oC.  
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Figure 69.  Tensile strength vs. temperature for KGP with N610 
 
The same data are shown as a function of room temperature tensile strength in Figure 
70. While the alumina platelets do add strength, the rate of strength loss is nearly identical 
between the two composites.  
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Figure 70.  Relative tensile strength vs. temperature for KGP with N610 
 
Along with varying the reinforcement, the matrix material was also varied to 
characterize a full spectrum of possible geopolymer matrix composites. In Figure 71, three 
different matrices are compared, all using N720 as the reinforcement. As seen in previous 
data, the CsGP matrix performs better than the other matrix choices at all temperatures. The 
hybrid composite with CsGP matrix and both N720 and carbon fiber reinforcement performs 
similarly to the composite with a KGP matrix and N720 reinforcement, despite have the 
volume fraction of high temperature fibers.  
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Figure 71.  Tensile strength vs. temperature for various N720 composites 
 
Again the data are compared as a function of room temperature strength in Figure 72. 
Here is can be seen that although the 50/50 matrix is supposed to be more 
crystallographically stable, it does not perform as well as a matrix material without a prior 
heat treatment. CsGP is the clear choice for high temperature applications.  
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Figure 72.  Relative tensile strength vs. temperature for Cs/KGP with N720 
 
The three matrix variants were also compared after each composite underwent a 
1200oC for 2 hours heat treatment. In Figure 73, those data are compared as a function of the 
room temperature tensile strength prior to heat treatment. In all cases, a significant amount 
of tensile strength is lost due to the heat treatment, similar to the strength loss see in situ at 
1000oC. However, the CsGP matrix performed the best by retaining the most of its original 
tensile strength. Here the advantage of the two component 50/50 Cs/KGP matrix is evident 
in that it retains more tensile strength after heat treatment than the pure KGP matrix. Heat 
treatments are performed in air at atmospheric pressure, but perhaps with added pressure 
as in a hot press, the matrix material would crystallize more densely and maintain more or 
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have even greater post-heat treatment tensile strength. This added process time and energy 
would negate the benefit of geopolymers over ceramic matrices.  
 
 
Figure 73.  Relative tensile strength vs. HT duration, N720 
 
Further heat treatment was performed on the KGP with N720 composites, extending 
the time to 24 and 100 hours at 1200oC. Figure 74 shows the tensile results after the 
subsequent heat treatments. No further strength loss is seen when increasing the duration 
of the heat treatment and the composite stays structurally viable even after 100 hours of 
exposure.  
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Figure 74.  Relative tensile strength vs. HT duration, KGP with N720 
  
The result of the heat treatment is low density ceramic matrices which undergo a 
small amount of volumetric contraction due to the densification from crystallization. Figure 
75 shows the slight change in volume fiber fraction as a result of the matrix contraction. 
There is a large change after the initial 2 hours of heat treatment and a minor change 
between 2 and 24 hours, but very little contraction after that.  
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Figure 75.  Average volume fraction vs. heat treatment duration 
 
Tensile fracture surfaces for all the different composites are shown in Figure 76. Some 
interesting information can be gleaned from just looking at the fracture surfaces and the 
types of failures that occurred.  In KGP, N312 reinforced composites, there is very minor fiber 
pullout at room temperature and 400oC, but brittle fracture at higher temperatures. For KGP, 
N610 and N720 reinforced composites, the amount of fiber pullout is high at room 
temperature, but increases at 400oC from matrix cracking due to dehydration. The amount 
of pullout then decreases with increasing test temperature indicating either matrix 
densification that strengthens the fiber matrix interface or fiber embrittlement. KGP, N720 
composites that underwent heat treatment (1200oC for 2 hours) show brittle fracture 
surfaces. The amount of fiber pullout for N720 composites is the most extreme with the CsGP 
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matrix. Carbon fiber and Kevlar reinforced KGP also show high amounts of fiber pullout, 
which decreased with increasing test temperature for carbon fiber composites. The hybrid 
N720, carbon fiber composite with CsGP matrix behaved similarly to the CsGP with N720 
only composites. Basalt reinforced composites show little fiber pullout with a reduction as 
test temperature increased. The heat treated CsGP with N720 composites had significant 
fiber pullout unlike the heat treated composites with KGP or 50/50 Cs/KGP matrices. 
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Figure 76.  Tensile fracture surfaces for all specimen types 
 
 The SEM image shown in Figure 77 of carbon fiber reinforced KGP, reveals how the 
carbon fibers have pulled out cleanly of the matrix as a tow. Whereas carbon fibers pullout 
out cleanly, Figure 78 shows that N720 fibers that have been pulled out have small chunks 
of matrix still attached indicating better bonding between the fiber and matrix.  
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Figure 77.  SEM image of KGP with CF showing fiber tow pullout 
 
 
Figure 78.  SEM image of N720 fibers pulled out from KGP matrix 
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4.3   Flexural Strength 
 In the late 1980’s, Davidovits and Davidovics tested the flexural strength of KGP (of 
the polysialate-silaxo structure) with various fiber reinforcements. The results of their 
testing are shown in Figure 79 as a function of temperature [8]. In this study, monolithic 
geopolymer and geopolymer matrix composites were tested in flexure to characterize their 
mechanical performance and compare it to other similar materials.  
 
 
Figure 79.  Flexural strength of reinforced KGP matrix, Ref. [8] 
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4.3.1   Monolithic Geopolymer 
Unreinforced geopolymer is subject to the same high flaw sensitivity as other rigid, 
brittle materials. High flaw sensitivity also means that strength values are also dependent on 
testing rates and test specimen size. Larger test specimens have a statistically higher 
probability of containing a surface or internal flaw that will result in brittle failure. Smaller 
test samples have a lower probability of containing flaws at or near the critical flaw size and 
therefore usually have higher strength values. Similarly, in brittle materials, slower testing 
rates can result in sub-critical crack growth which leads to failure at a lower strength value. 
Flexural testing method also has a role in the measured strength or a material. 3-point 
flexure testing results in higher, but less representative of the bulk flexural strengths. This 
again is a result of the probability of a flaw within the area of maximum bending moment. 
Figure 80 and Figure 81 below depict the difference in relative bending moment profiles for 
a sample in 3 and 4-point flexure.  
 
 
Figure 80.  3-point bending moment 
diagram 
 
Figure 81.  4-point bending moment 
diagram 
 
 In 3-point flexure, only the midpoint of the test specimen is subjected to the maximum 
bending moment and maximum flexural stress. In 4-point bending, the entire section of the 
test specimen between the upper support span is subjected to the maximum bending 
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moment. This results in statistically higher strength values for 3-point bend testing, but also 
higher data scatter.  
 
 Monolithic geopolymer based on sodium, potassium and cesium/potassium were 
tested in 4-point flexure. Pure cesium based geopolymer was too brittle when unreinforced 
and could not be tested reliably with repeatable results. Tests were conducted using two 
specimen sizes, 1 cm x 1 cm bars and 4 mm x 3 mm bars. Figure 82 below shows the flexural 
strength comparison for NaGP and KGP using the larger sized specimens. NaGP displayed a 
higher flexural strength with a similar standard deviation to that of KGP, resulting in a higher 
Weibull modulus. Table 22 summarizes the results and corresponding Weibull factors. The 
opposite trend was measured in tension, whereas KGP showed the higher splitting tensile 
strength. 
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Figure 82.  Average flexural strength for pure NaGP and KGP 
 
Table 22.  Flexural strength and Weibull factors for pure GP 
Material 
Flexural 
Strength  
(MPa) 
Weibull 
Modulus 
Weibull Scale 
Factor  
(MPa) 
Pure NaGP 14.14 ± 1.87 7.65 14.98 
Pure KGP 8.72 ± 1.66 4.90 9.49 
 
 
There was a noticeable difference in the flexure strength based on the size of the test 
specimen. This can be seen in Figure 83 which shows KGP samples tested at two different 
sizes. Flexural strength increased nearly 50% in the smaller samples compared to the larger 
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ones. Again with brittle materials that are highly flaw sensitive the smaller sample size has a 
lower probability of flaws and therefore a higher measured strength.  
 
 
Figure 83.  Average flexural strength different specimen sizes of KGP 
 
When comparing pure KGP to a 50 mol% CsGp/50 mol% KGP mixture, the relative 
flexural strengths can be seen in Figure 84.  The mixed geopolymer showed a slight increase 
in flexural strength over the pure KGP samples, which is the opposite of what is seen in the 
splitting tensile tests.  
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Figure 84.  Average flexural strengths for KGP and 50/50 Cs/KGP 
 
4.3.2   Particulate Reinforced KGP 
 KGP was reinforced with chamotte particulates to serve as a low cost filler which 
could enhance the mechanical properties of the geopolymer in applications that would 
require more complex geometries that could be developed with continuous fiber or woven 
fiber reinforcement. The amorphous content of the chamotte, along with the low aspect ratio 
of the particles limits its high temperature and reinforcing capabilities respectively. 
However, as a low cost filler phase, moderate gains in flexural strength can be achieved. 
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 The chamotte content was initially varied from 0 to 50 weight percent and tested in 
4-point flexure at room temperature. Composite samples with 25 weight percent chamotte 
were then in-situ high temperature flexure tested at 400oC, 800oC and 1200oC. Heating rates 
were also varied to determine if there was an effect on mechanical properties, by attempting 
to more gracefully dehydrate the samples during heating. Scanning electron microscopy was 
performed on fracture surfaces of specimens that were tested at room temperature, 400oC, 
800oC and 1200oC. Polished samples from the as-set composite, as well as after being heat 
treated at 1200oC for two hours were imaged.  
 
 DSC/TGA data are shown in Figure 85 and Figure 86 for pure and reinforced (25 
wt%) samples respectively. TGA results showed that most loss of weight due to dehydration 
occurs up to 400oC in both materials. Beyond that, pure potassium geopolymer still slowly 
lost weight throughout the heating phase, while the sample with chamotte content was 
virtually steady state by 600-700oC. The chamotte filler provided pathways for more rapid 
and complete dehydration, while in the pure geopolymer the water must forcefully exit the 
material resulting in more and larger microcracks throughout the bulk. Overall, the 
unreinforced geopolymer showed a larger percentage of mass loss, partially due to the mass 
difference attributed to the chamotte content and additionally because of a greater amount 
of free water in the pure geopolymer samples. 
 
 DCS results for pure potassium geopolymer showed similar trends to that of 
previously published work by Bell et al. [16]. There was a sharp exothermic peak centered 
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at approximately 1040oC that corresponded to the crystallization into cubic leucite 
(K2O⋅Al2O3⋅4SiO2).  
 
 
Figure 85.  DSC/TGA results for pure KGP 
 
 For the sample with chamotte content, the sharp peak at leucite crystallization was 
replaced by a broad exothermic period from approximately 940-1060oC. This showed that 
the onset of crystallization began at a lower temperature due to the availability of nucleation 
sites from the crystalline chamotte particles. However, crystallization occurred over a 
broader range due to the requirement to crystallize around the chamotte particles. 
 
   
134 
 
 Upon cooling, a broad exothermic hump was seen in both samples starting at 
approximately 650-680oC which marked the transformation from cubic to tetragonal leucite. 
The dilatational effect that accompanied this transformation was destructive and weakened 
the resulting material. According to Palmer et al. [76], the volume change attributed to the 
transition from cubic to tetragonal symmetry was 4%. Overall, after heating to 1200oC, the 
measured volumetric reduction due to dehydration shrinkage, leucite crystallization and 
leucite crystalline symmetry change was calculated to be ~23.4%. This result can be seen in 
Figure 87, which depicts pellets as-cast and after 1200oC heat treatment for two hours. Total 
mass reduction was measured to be 12%. 
 
 
Figure 86.  DSC/TGA results for KGP with 25 wt% chamotte 
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Figure 87.  As-cured and post heat treatment KGP/chamotte pellets 
 
 A summary of 4-point flexure test conditions, resulting strength values and Weibull 
factors can be seen in Table 23. Weibull statistics were only calculated for room temperature 
test data due to a lower quantity of samples tested at elevated temperature. Weibull modulus 
and thus reliability increase with increasing chamotte content. At 50 weight percent, the 
Weibull modulus is very high and failure strengths are extremely consistent. Average room 
temperature flexural strengths of pure potassium geopolymer and reinforced samples up to 
50 weight percent chamotte are also depicted graphically in Figure 88.  
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Table 23.  Flexural strengths of KGP with and without chamotte 
Test 
Temperature 
(oC) 
Chamotte 
Content  
(wt%) 
Flexural 
Strength  
(MPa) 
Weibull 
Modulus 
Weibull Scale 
Factor  
(MPa) 
RT 0 8.72 ± 1.66 4.90 9.49 
RT 5 7.14 ± 1.73 4.03 7.87 
RT 10 8.41 ± 1.15 7.35 8.89 
RT 15 9.22 ± 2.09 4.19 10.12 
RT 20 11.65 ± 1.76 6.86 12.41 
RT 25 13.04 ± 1.32 9.95 13.65 
RT 50 15.33 ± 0.57 27.21 15.61 
400 25 4.84 ± 1.11   
800 25 4.01 ± 0.38   
1200 25 3.44 ± 0.45   
 
 
 
Figure 88.  Flexural strength vs. chamotte content for KGP 
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 There was an initial reduction in average strength by the addition of 5 weight percent 
chamotte, but above 10 weight percent the flexural strength increased with increasing 
chamotte content. The strength values began to plateau at 15.3 MPa for 50 weight percent 
due to the competing nature of the added strength due to rigid reinforcement, as well as the 
increase in porosity due to the rheology of the mixture. However, by the addition of 25 
weight percent of chamotte powder one can achieve a 50% increase in flexure strength with 
little added processing difficulty. The increase in porosity can been seen in the density versus 
chamotte content plot shown in Figure 89. Above 25 weight percent, the experimentally 
measured data is lower than the rule of mixtures predicted value, as indicated by the dashed 
line. That was a result of additional porosity introduced during mixing at such a high 
chamotte content. 
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Figure 89.  Density vs. chamotte content for KGP 
 
 Based on the room temperature flexural testing and processing considerations, 25 
weight percent chamotte was chosen for further investigation by in-situ high temperature 
4-point flexure testing under multiple heating rates. The resulting average flexural strengths 
are shown in Figure 90  for heating rates of 2, 5, and 10oC/min. A significant amount of 
strength was lost due to dehydration cracking at 400oC, from ~13 MPa to ~5 MPa. The shape 
of the fit curve followed that of the TGA curve seen earlier. Beyond 400oC, flexure strength 
only decreased slightly with increasing test temperature. The inclusion of 25 weight percent 
chamotte maintained the structural integrity of the composite material through the 
dehydration process, whereas monolithic geopolymer would have lost all structural 
integrity and crumbled at those temperatures. Reducing the heating rate to 5 and 2oC/min 
did not improve the flexure strength, but actually showed a slight decrease in average 
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strength at 400oC. While the dehydration process may not have been as rapid at the lower 
heating rates, it was more complete due to the increased time at elevated temperature and 
greater amount of heat absorbed by the material.  
 
 
Figure 90.  Flexural strength vs. temperature for KGP/25 wt% chamotte 
 
 Representative flexural stress-strain curves can be seen in Figure 91 for KGP with 25 
wt% chamotte. Flexure modulus at 400oC increased from that of room temperature, due to 
the embrittlement caused by dehydration, and strains to failure were less than half of room 
temperature values. At 800oC, the flexure modulus decreased below that of room 
temperature, but strains at failure were similar to those seen during room temperature tests. 
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At 1200oC, the flexure modulus further decreased with average strain to failure values 
double that or those at room temperature and a seemingly “plastic” deformation zone.  
 
 
Figure 91.  Flexural stress-strain curves, KGP with 25 wt% chamotte 
 
 Softening at/above 800oC resulted from viscous glass flow. Glass flow into cracks 
created by dehydration provide a partial healing affect, although healed areas still 
represented the path of least resistance and form subsequent cracks prior to failure. SEM 
images depicted in Figure 92 and Figure 93 show partially healed cracks due to glass flow at 
elevated temperatures. The Weibull modulus did not show a discernible increase until 25 
weight percent chamotte and above, with the modulus at 50 weight percent being over 27. 
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Figure 92.  SEM image of glass flow into a 
crack, KGP with chamotte 
 
Figure 93.  SEM image of glass flow in a 
pore, KGP with chamotte 
 
 Some of the 25 weight percent chamotte samples were heat treated at 10oC/min to 
1200oC with a two hour isothermal soak to crystallize the geopolymer into leucite. Those 
samples were then returned to room temperature and tested in 4-point flexure. The average 
flexure strength was calculated as only 8 MPa. The destructive nature of initial dehydration 
coupled and the transformation from cubic to tetragonal leucite upon cooling limited the 
strength of the material.  
 
 X-ray diffraction spectra for potassium geopolymer with 25 weight percent chamotte 
at room temperature and after heat treatments of 10oC/min to 1000oC and 1200oC with a 
two hour isothermal soak can be seen in Figure 94. At room temperature, the crystalline 
nature of the material was attributed just to the chamotte which was proven earlier to have 
crystalline mullite, cristobalite and quartz. The large amorphous hump centered at 
approximately 27o Bragg angle corresponded to the amorphous geopolymer. DSC results 
indicated that crystallization could initiate in reinforced samples as low as 940oC. The 
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spectrum after the two hour, 1000oC heat treatment did reveal some leucite crystallization, 
but also still contained the broad amorphous hump indicating incomplete crystallization. 
That differed slightly from Bell et al. [16] who showed that pure potassium geopolymer 
required at least four hours to begin leucite crystallization at 1000oC. The spectrum after a 
two hour 1200oC heat treatment however, showed significant leucite crystallization with the 
amorphous hump vanishing completely.   
 
 
Figure 94.  XRD spectra for KGP with chamotte after heat treatments 
 
The inclusion of chamotte particulate reinforcement slightly lowered the leucite 
crystallization temperature below that seen in pure potassium geopolymer. An 
improvement in flexure strength above 10.5 weight percent of chamotte was measured, 
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which increased with increasing weight percent. High temperature flexural strength was lost 
during the dehydration process, but the composite remained structurally sound through 
1200oC with little additional loss in strength above 400oC. Above 400oC, the composite 
softened and had a marked increase in strain to failure at 1200oC. Glass flow at elevated 
temperatures temporarily “healed” cracks which maintained material structural integrity.  
 
4.3.3   Chopped Fiber Reinforced KGP 
Basalt chopped fiber reinforce KGP was tested only in 3-point flexure using the largest 
specimen size of 1 inch x 1 inch x 6 inches. Figure 95 shows the average strength as a function 
of the amount of fiber reinforcement for all room temperature samples. Error ranges are 
based on one standard deviation, which was only calculated for the data in this study and is 
not shown for the 1/4 inch fiber data. The 1/4 inch fiber data were taken from Rill et al. [26] 
for comparison purposes. Table 24 summarizes the data and includes calculations for the 
ratio, in percent, of the reinforced geopolymer strength to that of the un-reinforced 
geopolymer. The unreinforced geopolymer data is based on 3-point flexure testing, which 
usually has higher measured strength values than 4-point bending. However, in this case, the 
much larger sample size, which allows for greater distribution of critical flaws, resulted in a 
much lower flexural strength than were seen in 4-point bending. Strength increases at a 
slightly faster rate with increasing fiber weight fraction for the 1/2 inch long fibers compared 
to the 1/4 inch long fiber reinforcements. The addition of only one weight percent of fiber 
reinforcement resulted in more than twice the average flexure strength for both fiber 
lengths. At higher fiber concentrations, the most gains in strength are seen from the longer 
fibers. All batches showed some variability in maximum flexure stress values, which can be 
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attributed to the hand-poured processing technique for the sample bars resulting in varying 
amounts of void content in the bars. 
 
 
Figure 95.  Flexural strength vs. basalt chopped fiber content in KGP 
 
Comparing the data for 1/4 inch long fiber reinforced geopolymer to that of the 1/2 
inch fiber reinforced geopolymer for five weight percent or greater; 20-50% strength 
increases were seen when using the longer fibers. At fiber weight percents of five and above, 
hand-mixing was used instead of machine-mixing to avoid breaking up the fibers. A 
comparison between machine mixed and hand mixed flexure strength at five weight percent 
yielded a 20% increase in strength when the fibers are hand-mixed in. The average flexure 
strength for machine-mixed samples was 13.96 MPa compared to the 16.76 MPa shown 
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above. In general higher weight percent of fiber reinforcement resulted in higher stress and 
strain at failure, which equated to higher strain energy and better fracture toughness. 
Fracture surfaces showed large areas of planar fracture with both fiber fracture and fiber 
pullout visible without magnification.  
 
Table 24.  Flexure strength for ½ inch basalt chopped fiber in KGP 
Fiber 
Weight  
(%) 
Fiber 
Length 
(in) 
Average 
Strength 
(MPa) 
Percent Baseline 
Strength   
 (%) 
0 - 2.16 100 
1 1/2 3.93 237 
2 1/2 7.26 437 
5 1/2 16.76 778 
7 1/2 24.24 1125 
10 1/2 27.07 1256 
 
Weibull statistical analysis revealed that reliability increased with increasing fiber 
content up to 5 weight percent as seen by the increasing Weibull moduli. At higher fiber 
content, the rheology of the mixture and mixing difficulty resulted in increased porosity and 
a downward trend in reliability, seen in Table 25. 
 
Table 25.  Weibull parameters for chopped basalt fiber reinforced KGP 
Fiber 
Weight (%) 
Heat 
Treatment 
(oC) 
Weibull 
Modulus 
Weibull Scale 
Factor  
(MPa) 
0 RT 2.089 2.515 
1 RT 4.793 4.281 
2 RT 4.083 8.001 
5 RT 7.844 14.774 
7 RT 6.464 25.908 
10 RT 6.136 29.027 
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Results of this work have shown that chopped basalt fiber reinforcement, when added 
to potassium geopolymer; significantly improved the room temperature, three point flexure 
strength.  Strength improved from 2.16±0.94 MPa for pure geopolymer to 27.07±4.45 MPa 
with only ten weight percent fiber reinforcement. Potassium geopolymer reinforced with 
1/2 inch long basalt fibers also showed 20-50% improved strength, at a weight percent 
greater than five, over those reinforced with 1/4 inch long basalt fibers for the same fiber 
weight percent.  
 
4.3.4   Unidirectional Fiber Reinforced NaGP and CsGP 
4.3.4.1   CHF Reinforced NaGP 
 A summary of the four-point flexural testing results for NaGP reinforced with corn 
husk fiber bundles (CHF) is shown is Table 26 below, along with their respective Weibull 
parameters. Flexure tests were not performed on the quasi-aligned and wetted fiber 
composite due to a lack of usable material for testing. Some of the reinforced flexure test 
samples elongated to the point of impact with the lower portion of the test fixture. Average 
values showed a slight strength benefit to the aligned over the random fiber orientation, as 
well as a slight benefit to pre-soaking the fibers prior to use. 
 
 
 
   
147 
 
Table 26.  Flexural strength of CHF reinforced NaGP 
Fiber Orientation 
Wetted or 
Unwetted 
Average 
Strength 
(MPa) 
Standard 
Deviation 
(MPa) 
Weibull 
Modulus 
Weibull 
Scale Factor 
(MPa) 
- - 14.14 1.87 7.65 14.98 
Quasi-aligned (A) Unwetted (U) 8.79 1.90 4.85 9.56 
Random (R) Wetted (W) 7.57 1.68 5.17 8.38 
Random (R) Unwetted (U) 6.50 0.73 8.04 6.93 
 
 
Figure 96 depicts representative flexural stress-strain curves for each type of 
composite tested. Average flexure strength of the pure sodium was approximately 14.1 MPa, 
while the flexural strength of reinforced samples dropped by almost 50%. However, the 
strain to failure for reinforced samples was significant, near 10 times that of unreinforced 
NaGP. Therefore while the addition of CHF as a reinforcement reduced the strength, it greatly 
improved the toughness of the material. Due to the elongation of the CHF bundles, large 
samples of the composite could be flexed by hand without failure indicative of high 
toughness. Failed flexure samples can be seen in Figure 97, showing the high amounts of 
strain to failure.    
 
Another natural fiber reinforcement is rice husk stems, which can be embedded in 
geopolymer matrices made from fumed silica or from rice husk ask as the silica source. 
Testing of those composites in 4-point flexure resulted in an average flexural strength of 
12.45 ± 2.51 MPa. While still lower than the monolithic NaGP flexural strength, the rice stem 
fibers do add toughness with almost twice the strain to failure (~0.1%) as pure NaGP.  
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Figure 96.  Flexural stress-strain curves for NaGP with CHF 
 
 
 
Figure 97.  As-tested flexure samples of NaGP with CHF 
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4.3.4.2   N720 and MSCF Reinforced CsGP 
 CsGP based composites were reinforced with chamotte particulates, N720 roving 
strand, and mullite single crystal fibers (MSCF). The N720 fibers retained their organic sizing 
to aid in infiltration of the geopolymer binder. Desized fibers tended to separate and prevent 
complete infiltration by the cesium geopolymer in the small sample size used for this testing. 
During the heat treatment process, the sizing burned off anyway.  
 
 The composites were tested in 4-point flexure at 1000, 1200 and 1400oC. Test 
samples were subjected to a 1200oC heat treatment for 2 hours to crystallize the CsGP matrix 
into cubic pollucite prior to flexure testing, to benefit from its inherent strength and creep 
resistance. In some cases, only one sample could be tested at each test condition in order to 
maximize the data obtained from a limited supply of test specimens.  
  
 At 1400oC, composites with chamotte particulate reinforcement showed creep 
deformation under the weight of the upper test fixture and sustained specimen protection 
load (combined 4.24 MPa), so flexural strength could not be obtained.  The specimen 
protection feature prevents failure of the specimen by loads imparted as a result of the 
thermal expansion of the upper and lower alumina push rods and the SiC fixture by 
maintaining a maximum 4 N force on the sample. Flexural strengths for all three composites 
as a function of test temperature as shown in Figure 98. While both chamotte and N720 
composites showed increases in strength at 1200oC, the MSCF composites had a slight 
decrease due to further matrix cracking as a result of stress concentrations at fiber corners. 
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For both N720 and MSCF composites however, flexural strength at 1400oC was slightly 
higher than at 1000oC due to matrix densification and a stronger interface.  
 
 
Figure 98.  Flexural strengths vs. temperature for CsGP based composites 
 
In Figure 99 below, the fracture surfaces for the CsGP with MSCF composites are 
shown as a function of temperature. The left side of the table is looking down on the cross-
section of the fracture surfaces, the right side is a side view more clearly showing the fiber 
pullout. The images show that the amount of fiber pullout is inversely proportional to the 
flexural strength, so the most pullout is seen when the flexure strength is lowest. The fiber 
pullout is evidence of toughening in a brittle composite due to high energy dissipation by the 
friction of fibers with the matrix as they pull out, but toughness is a trade off with strength.  
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Figure 99.  Fracture surfaces for CsGP with MSCF; 1000oC (a), 1200oC (b), 1400oC (c) 
 
Similar images for the CsGP with N720 composites reveal the same trend that length 
of fiber pullout is inversely proportional to the flexural strength. Figure 100 shows the 
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fracture surface images. For MSCF the most pullout occurred at 1200oC, while for N720 fibers 
the most pullout was at 1000oC, both corresponding with the lowest strength temperature.  
 
 
Figure 100.  Fracture surfaces for CsGP with N720; 1000oC (a), 1200oC (b), 1400oC (c) 
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KM mullite was also utilized as a filler phase for the CsGP matrix that was reinforced 
with MSCF. Only 5 weight percent of KM Mullite was utilized due to its extremely small 
particle size which caused the geopolymer slurry to rapidly thicken with increasing content. 
The incorporation of additional mullite content in the matrix would not only provide a small 
reinforcing capability, but also narrow any thermal expansion mismatch between the fiber 
and matrix. Figure 101 shows the flexural strength results for both composites with and 
without the mullite filler. The composite containing the filler phase exhibiting increasing 
flexural strength with increasing temperature, demonstration improved thermal stability 
over the composite without the filler phase.  
 
 
Figure 101.  Flexural strength vs. temperature for CsGP with MSCF 
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 N720 and MSCF fibers were directly compared to demonstrate the tradeoff between 
strength and creep resistance based on microstructure, since both fiber types are made up 
almost entirely of crystalline mullite. The N720 fibers are polycrystalline which has the 
advantage of numerous grain boundaries to inhibit dislocation motion and add strength. 
However those same grain boundaries will be a detriment when it came to creep 
performance as grain boundary sliding is the major creep mechanism. On the flip side, the 
MSCFs have little to no grain boundaries which contributes to its lower material strength. 
However, the lack of grain boundaries in extremely beneficial to its creep resistance since 
grain boundary sliding cannot occur. Figure 102 through Figure 104 below depict 
representative flexural stress-strain curves for N720 versus MSCF reinforced samples at 
each test temperature. 
 
 
Figure 102.  Representative flexural stress-strain curve, 1000oC 
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Figure 103.  Representative flexural stress-strain curve, 1200oC 
 
 
Figure 104.  Representative flexural stress-strain curve, 1400oC 
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 For every test temperature, the N720 reinforced composites displayed significantly 
higher flexural strength than did the MSCF reinforced composites. This result was a function 
of two phenomenon. First, as discussed above, the polycrystalline nature of N720 fibers 
makes them inherently much stronger fibers. Second, as discussed in section 3.2.3.2, the 
cross-section of the MSCF fibers concentrated the stress created by a slight thermal 
expansion mismatch between the fiber and matrix and matrix shrinkage due to dehydration 
and crystallization. The stress concentration resulted in microcracking which was worsened 
by heat treatment and weakened the matrix material. Figure 105 shows an SEM image of a 
polished cross-section of the CsGP and MSCF composite after curing. Slight thermal 
mismatches between the fiber and matrix and matrix shrinkage during curing resulted in 
cracks developing at the stress concentrations created by the sharp fiber corners. In Figure 
106, the same composite is imaged after heat treatment to 1200oC and the cracks that 
developed during curing were exacerbated. The matrix densification as a result of a 
crystallization causes the stress and subsequent crack growth.  
 
 This phenomenon contributes to the lower flexural strength or this composite. Since 
the reinforcement is fully crystalline and the matrix has been crystallized as well, there is no 
amorphous content left to viscously flow into developing cracks during elevated 
temperature testing. However, due to the porous nature of geopolymer, even when 
crystallized, the matrix cracking does not result in failure during heating alone. This is a 
limitation of using the fibers created by the internal crystallization method in dense ceramic 
matrices, where brittle fracture would occur as a result of small stresses being concentrated 
at the fiber corners.  
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Figure 105.  SEM image of as-cured CsGP 
with MSCF composite 
 
Figure 106.  SEM image of CsGP with MSCF 
composite after heat treatment 
 
 
In Figure 107 there are three elemental energy dispersive spectroscopy (EDS) maps 
for Si, Cs and Al respectively. The Al map shows the Al rich mullite fibers, but the Si map does 
not show Si rich impurities at the corners of the fibers as witnessed by Mileiko et al. [48]. If 
there were Si impurities at the fiber corners prior to processing, they may have just been 
contributed to the geopolymerization reaction during curing or viscously flowed elsewhere 
during the 1200oC heat treatment.  
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Figure 107.  EDS maps of CsGP with MSCF composites 
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4.3.5   Woven Fabric Reinforced GP 
 The same subset of woven fabric reinforced geopolymer composites was tested to 
determine 4-point flexural strength. The samples with Nextel woven reinforcement were 
tested at ambient temperature, 400, and 800oC. The remaining samples were tested only at 
ambient temperature.  
 The results for room temperature flexural strength are shown in Figure 108 below. 
Nearly all samples failed in shear at the ply interfaces, followed by fiber buckling. For both 
N610 and N720 based composites, it is readily shown that the removal of sizing prior to 
processing results in a 20-30% increasing in flexural strength. This is a result of the weaker 
interface that is created during curing when the geopolymer does not bond to the organic 
sizing. Unlike in tensile strength, here the VARTM processing method resulted in a lower 
strength. This could be the result of less matrix material infiltrating in and between the fiber 
layers due to dehydration from the vacuum pump, allowing for easier delamination of the 
layers in flexure and a shear failure.  
 
 Again, similar to the tensile case, the 50/50 Cs/KGP matrix with N720 reinforcement 
did not perform as well in flexure compared to the KGP matrix composite. However, in 
flexure as opposed to in tension the CsGP matrix performed the worst of the three. In flexure, 
excess matrix material between fiber plies resulted in shear failures prior to fiber failure, so 
since the CsGP matrix was the weakest of the three geopolymer materials at room 
temperature (too fragile to even test repeatably), the shear failure was induced earlier than 
with the other two matrix materials.  
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 In flexure the strength advantage of the carbon fiber reinforcement was not fully 
realized due to the tendency toward shear failures. However, with the addition of the 100 
m milled carbon fiber to reinforce the matrix material and bridge cracking, the flexural 
strength at room temperature was greatly improved. In the case of the Kevlar fabric 
reinforcement, the fibers were so tough that most of the samples deflected until the limit of 
the LVDT was reached. The flexure strength shown below is an average of the strength when 
the limit was reached. Basalt fabric reinforce KGP performed well in room temperature 
flexure compared to the Nextel fabric composites, despite have much lower tensile strength 
than all of them. In Figure 109 and Figure 110 the comparison is seen for the KGP and carbon 
fiber composites with and without the milled carbon fiber additive. The short fibers are 
randomly oriented and evenly dispersed throughout the matrix region maintaining the 
isotropic nature of the matrix.    
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Figure 108.  Room temperature flexural strength for all composites 
 
 
 
Figure 109.  SEM image of KGP with CF 
 
Figure 110.  SEM image of KGP with CF +   
7 wt % MCF 
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 A summary of the Weibull parameters calculated for all of the room temperature 
testing is shown in Table 27. Removal of the organic sizing not only improved the strength, 
but also increased the flaw tolerance of the composite seen by the much higher Weibull 
modulus in each case (N610 and N720). The VARTM processing method not only had the 
lower flexural strength, but also the lower Weibull modulus compared to the composite 
made by paste and weave followed by cold pressing. Conversely, the KGP matrix with N720 
fabric not only had the highest flexural strength of the three matrix variants, but is also was 
the most consistent demonstrating the highest Weibull modulus of the three. As was the case 
in tension, the carbon fiber composites showed very good reliability of flexural strengths 
with the highest Weibull modulus of the group. The addition of the milled carbon fiber matrix 
filler further increased the Weibull modulus.  
 
Table 27. Summary of flexural strengths and Weibull parameters 
Material 
Average 
Flexural Strength 
(MPa) 
Weibull 
Modulus 
Weibull Scale 
Factor 
(MPa) 
KGP, N610 (Sized) 38.86 ± 2.29 19.57 51.26 
KGP, N610 45.89 ± 1.81 24.61 44.47 
KGP, N610 (VARTM) 23.60 ± 2.09 14.51 32.00 
KGP, N720 (Sized) 37.49 ± 3.25 12.06 41.69 
KGP, N720 46.12 ± 1.73 23.95 41.37 
50/50 Cs/KGP, N720 45.27 ± 3.84 16.51 38.80 
CsGP, N720 18.41 ± 0.63 17.51 16.39 
KGP, CF 39.31 ± 1.33 22.79 51.46 
KGP, CF+7wt%MCF 50.87 ± 1.42 29.85 51.14 
KGP, Kevlar 28.48 ± 1.87 17.24 31.54 
KGP, Basalt 34.92 ± 3.14 8.58 42.31 
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A batch of the N610 and N720 based composites were subjected to a 1200oC for 2 
hours heat treatment and then tested in flexure at room temperature. The results of that 
testing are shown in Figure 111. The CsGP matrix composite retained a significant amount 
of its original flexural strength. The other N720 based composites lost a much larger portion 
of the room temperature strength when compared to the CsGP matrix and the KGP with 
N610 composite.  
 
 
Figure 111.  Flexural strength before and after heat treatment 
 
The residual strength is depicted as a percentage of the un-heat treated flexural 
strength in Figure 112. There it is easier to see the amount of strength retained after the heat 
treatment. The 50/50 Cs/KGP matrix performed the worst of the group losing nearly 75% of 
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its strength. This could have been due to the inhibited crystallization that was discussed 
earlier because of the two competing cations.  
 
 
Figure 112.  Residual flexural strength after heat treatment 
 
 
A look at the effect of the heat treatment on the microstructure of the composite can 
be seen in the SEM image of Figure 113. This image is of the 50/50 Cs/KGP with N720 
composite. To the upper right is the un-heat treated sample, while the lower left is the heat 
treated sample. The heat treatment imparts thermal stresses between the fiber and matrix 
along with the dehydration stress that occur during water loss. The resulting matrix 
microstructure was transversely cracked at regular intervals between the fiber plies. This 
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was the source of the reduced flexural strength. Minor, if any, strength loss was a result of 
grain growth in the N720 fibers which did not even start to occur until 1200oC as shown in 
previous data.  
 
 
Figure 113.  SEM image of 50/50 Cs/KGP with N720 before and after HT 
 
A look at the CsGP with N720 composite after the heat treatment reveals a similar 
matrix condition with periodic transverse matrix cracking. However, the cracks are more 
spaced out than in the 50/50 Cs/KGP case. With larger sections of uncracked matrix, the 
CsGP would be able to transfer more load to the fibers than the other matrix variant.  
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Figure 114.  SEM image of CsGP with N720 after heat treatment 
 
 
A closer look at a cross section after a failure in KGP with N610 (Figure 116) shows 
that a crack is being deflected around the fibers indicative of a weak fiber/matrix interface. 
This is a key element in adding composite toughness to a material with a brittle fiber and 
brittle matrix. An even closer look at a KGP with sized N610 composite shown in Figure 115, 
clearly shows a gap between the fiber and matrix. This was also a weak interface and would 
provide for crack deflection around fibers.  
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Figure 115.  SEM image of KGP with N610 showing crack deflection 
 
 
Figure 116.  SEM image of fiber/matrix interface in KGP with N610 
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The Nextel reinforced composites were then in-situ flexure tested and the results of 
that testing are shown in Figure 117. Here is can be seen that the benefit of sizing removal is 
not limited to only room temperature, but also through 800oC, with a larger gap in strength 
seen at the highest test temperature. At 400oC, all versions of the Nextel composites lost a 
portion of their room temperature strength due to the dehydration effects on the matrix. 
However, the flexure strength was regained at 800oC due to matrix shrinkage and fiber 
thermal expansion which strengthens the fiber/matrix interface allowing for more load to 
be transferred from the matrix to the stronger fiber. It can be deduced that in geopolymer 
composites the matrix plays the more important role in flexure because the strength is nearly 
identical between the N610 and N720 composites.  
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Figure 117.  Flexural strength vs. temperature for Nextel woven composites 
 
 A comparison between a cross-section of a room temperature KGP with N610 
composite and one that has been tested at 800oC can be seen in Figure 118 and Figure 119. 
While there are some transverse matrix cracks present in the room temperature specimen 
due to stresses developing during curing, the frequency of the cracking after 800oC exposure 
and spacing between them increases significantly. 
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Figure 118.  SEM image of as cured KGP 
with N610 
 
Figure 119.  SEM image of KGP N610 after 
800oC flexure test 
 
4.4   Flexural Creep Behavior 
All test samples for this testing utilized a CsGP matrix which then underwent a heat 
treatment, the same as the flexural test samples, to crystallize the matrix material in pollucite 
to take advantage of its very low thermal expansion and high creep resistance. Based on the 
measured 1.94 g/cm3 density of the monolithic material after that heat treatment, the 
pollucite formed seems to be 67% dense compared to the theoretical density. Flexural creep 
tests were performed at 1000, 1200 and 1400oC. In order to observe creep, the test 
temperature needed to be sufficient to equate to a homologous temperature greater than 0.5 
as discussed in section 2.1.4. Based on the melting temperatures for the constituents listed 
in Table 28 below, homologous temperatures for this range of test temperatures were 
between 0.575 and 0.815.  
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Table 28.  Melting temperatures for composite constituents 
Material Melting Temperature (oC) 
N720 1800 
Mullite 1840 
Pollucite 1940 
 
 
Creep stress levels were initially determined as approximately 40, 60 and 80% of the 
flexural strength at 1000oC. Those stress levels were then used for 1200 and 1400oC creep 
test as well for direct comparison.  
 
4.4.1   Unidirectional Fiber Reinforced CsGP 
Flexural creep results for CsGP based composites with N720 reinforcement are 
shown in Figure 120 for 1000oC, in Figure 121 for 1200oC and in Figure 122 for 1400oC. At 
1000oC, only primary and secondary creep regimes are present prior to reaching the 100 
hour run-out condition. At higher temperatures, again only primary and secondary creep 
regimes are witnessed as the creep strain reached the 1 mm deflection limit of the LVDT 
before tertiary creep could occur. The tradeoff of stable, low noise deflection measurements, 
was the limited deflection range that the LVDT could measure. 
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Figure 120.  Flexural creep curves for CsGP with N720, 1000oC 
 
 
Creep rates increase by three orders of magnitude when increasing test temperature 
from 1000 to 1200oC and another two to four orders of magnitude when going to 1400oC. At 
1000oC there is very little dependence of creep rate on stress level, but at the higher 
temperatures the dependence emerged and increased with increasing test temperature. 
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Figure 121.  Flexural creep curves for CsGP with N720, 1200oC 
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Figure 122.  Flexural creep curves for CsGP with N720, 1400oC 
 
Secondary creep regime can be modeled as an Arrhenius equation, given its 
dependence on diffusion, which is shown as equation (14) below. By rearranging that 
equation one can calculate the creep exponent n and the creep activation energy Q. By taking 
the natural log of both sides, one arrives at equation (15). A linear fit can then be found for 
the plot of ln 𝜀̇ versus ln 𝜎 and ln 𝜀̇ versus 1/T, the slope of which reveal the creep exponent 
and the negative of the activation energy divided by the gas constant respectively. 
 
    𝜀̇ = 𝐴𝜎𝑛𝑒−
𝑄
𝑅𝑇⁄      (14) 
 
   𝑙𝑛𝜀̇ = 𝑙𝑛𝐴 + 𝑛𝑙𝑛𝜎 − 𝑄 𝑅𝑇⁄     (15) 
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 Figure 123 shows the results of the plot of ln 𝜀̇ versus ln 𝜎 for the CsGP with N720 
composites. Linear fits are determined for the data at each test temperature and the slope is 
extracted as the creep exponent in each case. The black dashed line indicates the commonly 
used creep limit for 1% strain in 1000 hours. At 1000oC, the creep rates are below the 
threshold, but that is not the case for 1200 and 1400oC. This matches with what Wilson et al. 
[62] found in their creep evaluation of N720 fibers, which was a maximum use temperature 
of 1150oC to achieve 1% strain in 1000 hours.  
 
 Creep exponent values for each test temperature are given in Table 29 below. An 
exponent value less than one is not typically seen and indicates an extremely low 
dependence of minimum creep rate on stress level at 1000oC. At 1200oC there is a slight 
dependence on stress level, which increases at 1400oC. Typically, a creep exponent value 
equal to one would indicate diffusional creep, while an exponent greater than one would 
indicate power law creep.  
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Figure 123.  Creep power law inversion to find the creep exponent 
 
Table 29.  Creep exponents for CsGP with N720 
Temperature (oC) Creep Exponent 
1000 0.34 
1200 1.24 
1400 4.01 
 
 
Figure 124 then shows the results of the plot of ln 𝜀̇ versus 1/T for the CsGP with N720 
composites. Linear fits are determined for each creep stress level and the slope is extracted 
as –Q/R in each case. Using a universal gas constant R=8.314 J/mol K, the activation energies 
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can then be determined. Activation energy values for each creep stress level are given in 
Table 30 below. Activation energy decreases with increasing creep stress level.  
 
 
Figure 124.  Creep power law inversion to find the activation energy 
 
Table 30.  Creep activation energies for CsGP with N720 
Creep Stress (MPa) Activation Energy (kJ/mol) 
15.7 9.392 
25.7 8.022 
34.0 7.480 
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 Creep behavior was then compared between samples reinforced with N720, MSCF 
and MSCF with 5 wt% KM Mullite powder (indicated as MSCF+MP). The results for creep at 
1000oC and 15.7 MPa creep load are shown in Figure 125. All test specimens reached run-
out prior to onset of tertiary creep at this temperature and stress level. While all the 
minimum creep rates are extremely low, there is a difference based on reinforcement. The 
polycrystalline N720 reinforcement had the highest rate while MSCF reinforcement with 
added KM mullite filler had the lowest rate.  
 
 
Figure 125.  Flexural creep curves for 1000oC, 15.7 MPa 
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Similarly, the creep performance was also characterized at 1400oC and the same 
creep stress level of 15.7 MPa, seen in Figure 126. Samples at this test temperature reached 
the deflection limit of the LVDT prior to the tertiary creep regime. At this test temperature 
there was a much larger discrepancy in minimum creep rates based on reinforcement type. 
The polycrystalline N720 composite had a rate two orders of magnitude higher than that of 
the MSCF composite. With a steady-state creep rate of over 20%/hour, the N720 composite 
would not be a viable choice for long term applications at this temperature.  
 
 
Figure 126.  Flexural creep curves for 1400oC, 15.7 MPa 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1   Conclusions 
Through this body of research, numerous particulate, chopped fiber, continuous fiber 
and woven fiber reinforcements have been integrated into varying geopolymer matrices. 
Those resulting composites were evaluated to determine their mechanical properties at 
room and elevated temperatures. A number of analysis techniques were utilized to 
characterize the properties and microstructure of the different composites. Three and four 
point flexure, as well as splitting tension, monotonic tension and flexural creep evaluations 
were performed. Scanning electron microscopy and optical microscopy were both utilized 
to further characterize the microstructure of the composites and link those characteristics 
to the mechanical performance.  
 
Through extensive testing it was found that different reinforcement and matrix 
combinations can support different types of application conditions. Mechanical properties 
can be tailored through varying of the composite constituents or through matrix filler 
phases. For low cost, low temperature applications, sodium and potassium base geopolymer 
with natural fibers can produce fire resistant, damage tolerant composites. For room or low 
temperature applications that require fire resistance and high strength, carbon fiber or 
Kevlar reinforcement are most suitable. For moderate temperature applications potassium 
based geopolymer can be reinforced with chamotte powder, basalt fibers or Nextel 312 
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fibers. For higher temperatures, Nextel 610 or 720 fibers must be utilized. For temperatures 
up to 1400oC and/or for creep resistant applications, a cesium based geopolymer matrix is 
necessary to maintain mechanical properties. For the highest levels of creep resistance, 
cesium based geopolymer can be coupled with single crystal oxide fibers to achieve the best 
results.  
 
It has been shown that geopolymer matrix composites can be utilized with a plethora 
of reinforcements due to their inherent porosity which provides for damage tolerance and 
crack deflection at the fiber/ matrix interface. Geopolymer matrices are easily processed in 
the same temperature range as organic polymer matrix composites, but can withstand a 
large portion of the same temperature regime as ceramic matrix composites.  
 
5.2   Recommendations 
Geopolymer dehydration upon heating remains an unavoidable problem for elevated 
temperature use. Reinforcement will maintain structural integrity, but mechanical 
properties still suffer as a result of damage to the matrix. Further study needs to be 
performed on graceful dehydration techniques to be able to take full advantage of the 
benefits geopolymer matrix composites have to offer.  
 
Tensile evaluations of unidirectional Nextel fiber reinforced geopolymer composites 
should be evaluated and compared to woven composite properties. Tensile creep data 
should be collected for both woven and unidirectional fiber reinforced CsGP composites.   
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